


ECONOMIC GEOLOGY 


AND THE 
BULLETIN OF THE SOCIETY OF 
ECONOMIC GEOLOGISTS 


Avucust, 1955 


IS CARBON DIOXIDE AN ORE-FORMING FLUID UNDER 
SHALLOW-EARTH CONDITIONS?? 


R. M. GARRELS AND D. H. RICHTER 


ABSTRACT 


A review of some of the physical-chemical properties of CO. and of 
the system CO.—H:O indicates that under some shallow-earth conditions 
CO, can exist as a separate phase with a density approximately that of 
water. The effect of dissolved neutral or acid salts on the solubility of 
CO, in H;O is not large. Carbonates, oxides, and silicates, through re- 
actions with a CO.-saturated water phase, will eventually cause the dis- 
appearance of a CO. phase. The prevalence of CO, in the earth’s crust 
is attested by its abundance in natural gases and fluid inclusions in min- 
erals. Some of the characteristics of uranium ores of the Colorado Pla- 


teau are not incompatible with the assumption that deposition was from a 
fluid CO, phase. 


INTRODUCTION 


DuRING the course of some speculations regarding the origin of the sandstone- 
type uranium deposits, we were led to consider the possibility that a non- 
aqueous phase might be the agent of metal transport and deposition. Because 
of the prevalence of carbon dioxide in earth materials of all kinds, a review 
of the properties of carbon dioxide under shallow-earth conditions seemed 
warranted. Although we do not have the temerity to advocate carbon dioxide 
as the ore-forming medium in such deposits, the results of the review were 
so opposed to our preconceived ideas concerning the nature of this gas that 
we are impelled to present them for general consideration. 

Among the questions that occurred to us at the start of the investigation 
were: 

Do water and carbon dioxide exist as separate phases in rocks? If so, 
what is the concentration of water in the carbon dioxide phase, and vice versa? 
What is the density of carbon dioxide under shallow-earth conditions? What 
is known about the solvent properties of carbon dioxide? 


THE SOLID PHASE 


P-V-T Relations for CO,.—The pressure-volume-temperature relations 
for CO, are shown in Figure 1 (17, 18, 13). Superimposed on the diagram 


1 Publication authorized by the Director, U. S. Geological Survey. 


447 











448 R. M. GARRELS AND D. H. RICHTER 
















































































900 Depth, ft. 
800 10,000 
700 
600 
£500 
°o e° 
g 213 
5 2 13 
o 3 2 
o 4 = 
4 2/4 
2.400 = +5000 
30 10,00d 
200 
5,000) 
100 
73 A 
a 
F : rae —25_+ 
P| ee 1 o +o 
.@] 20 31 40 60 80 100 120 140 
Temperature, °C 


Fic. 1. P-V-T diagram for CO. with superimposed high, “normal,” and low 
thermal gradients under lithostatic and hydrostatic pressures. Specific volumes 
(sloping solid lines) are expressed in cc/g. Greatest density is reached under a 
high pressure-low temperature gradient (left hand dashed line), least density under 
hydrostatic pressure and a high temperature gradient (right hand dashed line). 
Calculations for lithostatic load are based on a rock density of 2.7. 


are lines showing high, “normal,” and low thermal gradients under hydro- 
static pressure conditions, and the same gradients for lithostatic conditions. 
As an example, let us briefly examine some of the properties of CO, along a 
“normal” thermal gradient (1° C/100 ft) under lithostatic pressures as shown 
on the P-V-T diagram. At a temperature of 110° C and pressure of 800 
atmospheres, corresponding to a depth of 10,000 feet, CO, has a specific 





CARBON DIOXIDE UNDER SHALLOW-EARTH CONDITIONS 449 


volume of 1.08, or, in other words, a density ? of 0.93. At decreasing tempera- 
tures and pressures the CO, volume slowly increases, concomitant with a slow 
decrease in density, until near surface conditions are reached. Here at 15° C 
and 50 atmospheres (750 feet below the surface), equivalent to the intersection 
of the earth gradient and CO, vapor pressure curve, CO, rapidly expands 
filling a volume eight times that of its original size. With further decrease 
in temperature and pressure CO, continues to expand rapidly until equilibrium 
is established with atmospheric conditions. The lithostatic pressure gradient 
must represent roughly the maximum that can exist for appreciable time in- 
tervals. Gas or fluid pressures, built up from below, are greater than the 
hydrostatic pressure by the amount necessary to overcome the frictional re- 
sistance of the enclosing rocks. In unfractured and slightly permeable rocks 
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Fic. 2. Solubility relations of CO.—H:O along a “normal” thermal gradient and 
under a lithostatic load. 


— = measured values 
acees = calculated values 


the pressure must exceed the rock load if the fluid is to move at an appreciable 
rate. That such conditions do exist is shown by measured pressures in drill 
holes ; in fact, Pinfold (20, p. 1660) reports bottom hole pressures in excess 
of the lithostatic load. The temperature gradients chosen are well within 
the observed range (15, pp. 80-84; 26, 1934). The lithostatic pressure is 
computed on the assumption that the average rock density is 2.7. 

CO,—H,0O Solubility Relations.—The solubility of CO, in water has been 
determined by Weibe and Gaddy (27, 28); the solubility of gaseous H,O 
in gaseous CO, should be roughly proportional to the partial pressure of H,O 
(Dalton’s Law). On this basis the weight ratio of water to CO,, for a given 
pair of P-T values, is taken as proportional to the ratio of the vapor pressure 


2 All densities are given in gms/cc. 
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of water to the total pressure on the system (Poo. + Pu.o). Actual calcu- 
lation of the mole percent water in the gaseous CO, was made from the Gas 
Law, PV = oRT. 

Some question may arise as to the validity of the assumption that CO, at 
high density acts as a gaseous solvent or that water vapor itself under such 
high total pressure obeys the Gas Law. However, determinations by Stone 
(25) of the solubility of water in liquid CO, suggest that serious error in the 
order of magnitude of the calculated solubilities is not likely. At 22.5° C and 
under the vapor pressure of CO, (60 atmospheres) the solubility of water in 
liquid CO, is only 0.0954 weight percent. Furthermore, the data at tempera- 
tures up to 22.5° C indicate that the solubility of water in liquid CO, increases 
with temperature at a decreasing rate under the equilibrium vapor pressure. 
Because earth gradients have linear increase in pressure, whereas the vapor 
pressure curve of CO, is exponential, it appears very likely that no great error 
is involved in the calculated solubility. 

Figure 2 shows the composition of the water phase and the carbon dioxide 
phase for a mixture of carbon dioxide and water, transported down a thermal 
gradient of 1° C per 100 feet under lithostatic conditions. The low mutual 
solubility is apparent. 

Figure 3 shows iso-solubility curves for CO, in water on a P-T graph. 
The nearly constant solubility at low temperatures and pressures along all the 
gradients chosen, as well as the marked increase at the higher ranges, is a 
noteworthy feature. In other words, a saturated solution of CO, in water, 
if it moves upward from depth, will separate a nearly pure fluid CO, phase. 
This deduced behavior is substantiated by observations on certain three-phase 
fluid inclusions in many minerals. The three phases are two liquids and a 
gas at room temperature. If the inclusions are heated one of the liquid 
phases disappears at 31° C, the critical temperature of carbon dioxide. The 
remaining gas and liquid phases commtonly persist to temperatures above 
200° C; then the gas phase disappears and the inclusions fill with liquid (2). 
On cooling, the sequence of events is reversed. The disappearance of the 
vapor phase on heating is by no means entirely attributable to the expansion 
of the liquid phase but must also indicate a high solubility of CO, in H,O at 
temperatures above 200° C and high pressures. Further evidence of the ex- 
istence of a nearly pure dense gaseous CO, phase under earth conditions is 
shown by numerous fluid inclusions that exhibit only a gas phase above the 
critical temperature of CO, and a liquid phase with a small gas bubble below 
the critical temperature. The absence of appreciable water in the CO, phase 
is shown by the disappearance of liquid CO, at the critical temperature for 
pure CO,. Appreciable water in solution would raise the critical point. 

Density Relations —To illustrate density changes it is instructive to take 
a mixture of one mole of CO, and one mole of water from the earth’s surface 
down various earth gradients. At the surface the volume discrepancy of the 
two phases is huge: 18 cc for the liquid water and 23,100 cc for the gaseous 
CO,, but the descent into the earth changes the picture considerably. 

In Figure 4 the changes are shown diagrammatically. CO, shrinks as 
pressure is applied and reaches a density approaching that of water at depths 
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Fic. 3. P-T diagram for CO. with iso-solubility lines for CO. in H:O. The 
figures are expressed in cc/g at STP. (After Wiebe and Gaddy, 27.) Also shown 
are high, “normal,” and low thermal gradients under lithostatic and hydrostatic 
pressures. Note that the solubility relations are such that there is very little change 
with depth, irrespective of the specific earth gradient. For example, under litho- 
static pressure, and under a temperature gradient of 1°/150’ (left hand dashed 
line), the solubility is essentially constant from 50 to 500 atmospheres pressure 
and increases only from 35 cc CO:/g H:O at 500 atmospheres to 40 cc/g at 830 
atmospheres. 
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of a few thousand feet, depending upon the specific earth gradient. Thus 
under natural conditions it is probable that at relatively shallow depths a fluid 
CO, phase may exist with a density equal to or slightly greater than that of 
water! In fact, in moderate to high latitudes, where the near-surface tem- 
perature is low, liquid CO, may form. 

In Figure 5 the density of CO, as a function of depth is shown graphically 
to emphasize the high density that is reached at relatively shallow depths. 
CO,, under most earth conditions, has a density greater than that of liquid 
CO, at room temperature. There is no change in solvent properties of a 
liquid phase as it changes to a gas, if there is no change in density, so dense 
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Fic. 4. Diagrammatic representation of the history of an equimolar mixture 
of CO, and H:O down various temperature-pressure gradients. The circles are 
sections of spheres representing the relative volume of the CO.-rich phase and the 
H.O-rich phase. The change from a “dense liquid-rare gas” system at the surface 
to a “dense liquid-dense gas” system takes place at shallow depths under all gra- 
dients shown. 


gaseous CO, can be expected to behave like the liquid (10, 11,23). The fact 
that in many environments it is not only denser but hotter than the liquid 
indicates that it probably is considerably more effective as a solvent. The 
density of liquid CO, at 31° C, under its vapor pressure of 73 atmospheres, 
is 0.47, whereas at 100° and 1,000 atmospheres, the density of the fluid is 
about 1.0. 

Effect of Dissolved Material on CO, Solubility in Water—So far the dis- 
cussion has been concerned only with the system CO,—H,O. The question 
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arises as to the effect of other dissolved materials on the CO, solubility in 
water. Most dissolved salts reduce gas solubility if no chemical reaction be- 
tween the dissolved gas and the solutes occurs (16). Such reaction by dis- 
solved CO, with neutral or acid salts is not to be expected; a long list of de- 
terminations of CO, solubilities in a variety of such salt solutions (21) shows 
remarkably uniform behavior and a relatively small salt effect. 
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Fic. 5. Density of CO, under various shallow-earth conditions (semi-log plot). 


Dissolved CO, will react with dissolved basic salts, such as sodium car- 
bonate, but the solubility is probably most affected by the reaction of the 
CO,—H,0O system with rock minerals susceptible to acid attack. Ifa “bubble” 
of dense CO, were injected into a water-saturated sandstone that had a calcite 
or an iron oxide cement, CO, would dissolve in the water and then react with 
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the iron oxide and calcite. Asa result of the reactions, the bubble would even- 
tually disappear. The reactions would be: 


CO, 4 H.O —)> H.CO; — H+ + HCO;- 
oo 
CaCO; 


' 
Cat+ + HCO;- 


6CO., + 6H,O0 ==) 6H.CO; — 6H+ oe 6HCO;- 
a 
FeO; 


| 
2Fe+++ + 3H.0 


The same type of reaction would take place with silicate minerals but at 
a much slower rate. 

In general, then, in a low temperature system of CO, and H,O, a separate 
CO, phase will exist even if the weight percent CO, is small, but if the system 
is placed in contact with rocks containing carbonates or oxides, the CO, phase 
will gradually disappear as it dissolves into the water to replace that used up 
by reaction. 

A separate CO, fluid phase would thus not be expected to persist indefi- 
nitely if it were moving through water-saturated rocks, unless they were pure 
quartz sandstones or perhaps certain acid-resistant clays. Certainly it would 
tend to disappear in limestones or from oxide or calcium carbonate-cemented 
sandstones, siltstones, or shales. 7 


TABLE I 
THE COs CONTENT OF SOME EARTH GASES 
Percent 
Locality 2 Reference 


Volcanoes and Fumaroles* 


Iceland, average of 5 analyses 44 Clarke (3, p. 262) after Bunsen 
West Indies, average of 3 analyses 48 Clarke (3, p. 269) after Moissan 
Kilauea, Hawaii, average of 5 analyses 57 Day and Shepherd (5, p. 588) 


Hot Springs*® 


Lassen National Park, Calif., average of 26 93 Day and Allen (4, pp. 131-133) 
analyses 
Yellowstone National Park, Wyo., average of 85 Allen and Day (1, p. 86) 


40 analyses 


Oil and Gas Fields 


Tampico, Mexico 10.7-97.9 Muir (19, pp. 1000-1003) 
Walden, Colo. 92 Dobbin (6, p. 1065) 
Jaritas dome, N. Mex. 67.2 Dobbin (6, p. 1065) 

San Rafael swell, Utah 91.2 Ley (14, p. 1124) 


3 Analyses of dry gases. Original HzO content variable. 
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The rate of disappearance would depend on several variables, such as the 
rate of reaction of the solids and the rate of diffusion of CO, into the water 
phase. The second variable would in turn depend on whether or not the CO, 
was moving relative to the water phase. 

The abundance of gaseous CO, in nature is shown by its presence in the 
exhalations of many volcanoes and hot springs, as well as by its occurrence 
as a major constituent in some natural gases from stratigraphic or structural 
traps (Table 1). The analyses in Table I are for dry gases. In emissions 
from volcanoes, the H,O content is highly variable, ranging from a few per- 
cent to almost 100 percent. However, the weight percent CO,, including 
water, may be more than 60 and is commonly in the range between 10 and 20 
(22, p. 321). Concerning its ubiquitous nature in fluid inclusions in minerals 
Lindgren (15) eloquently states: “The presence of liquid carbon dioxide in 
cavities in minerals of igneous rocks is proof of its occurrence in the molten 
magma consolidated in depth. Every eruption brings new evidence of exhala- 
tions from magmas congealing near the surface; and almost every volcanic 
district of recently closed igneous activity testifies to the persistence of this 
gas in escaping from the cooling lavas below.” 


SUMMARY 


In summary, CO, can exist as a separate phase under shallow-earth con- 
ditions. At depths below 1,000 feet, under a “normal” temperature and a 
lithostatic load gradient, its density is equal to that of liquid CO, at the critical 
point. Under high pressure gradients and low temperature gradients its den- 
sity approximates that of water at depths of 1 to 2 miles. Dense fluid CO, 
probably has solvent properties more nearly comparable to a liquid than to 
those generally attributed to a gas. Unfortunately, little is known of the sol- 
vent properties of liquid CO,. In most rocks a separate CO, phase probably 
would disappear over a long period of time as a result of reaction of the CO,- 
saturated water phase with rock minerals susceptible to acid attack. 


THE GASEOUS PHASE 


CO, and Uranium Deposits ——The relatively common occurrence of fairly 
pure gaseous CO, in nature plus the fact that its density, even under shallow- 
earth conditions, is greater than that of liquid CO, at room temperature leads 
naturally to the possibility that CO, may play an important role in the trans- 
portation and deposition of other compounds. Present knowledge of the sol- 
vent properties of dense gaseous CO,, or even of liquid CO,, is very limited 
and certainly merits extensive investigation. 

To show the part that dense CO, might play as a transporting agent, it 
is intriguing to consider to what extent it would fit the characteristics required 
of the fluid that deposited the uranium ores of the Colorado Plateau. Rather 
than attempt any coherent reconstruction of the details of the processes of 
deposition, we prefer to assemble a somewhat disconnected group of argu- 
ments, explanations, and generalizations, which we hope will prove provoca- 
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tive and which may lead others to more detailed examination of some of the 
aspects considered. 

First, the best reconstruction of the conditions of deposition of the ores 
indicates that CO, would have an appropriate density. According to Stieff 
and Stern (24, p. 708), the ores were deposited in early Tertiary or Late 
Cretaceous time. At the end of Cretaceous the ore-bearing Triassic or Ju- 
rassic beds were buried by about 10,000 feet of sediment, so that on the basis 
of a “normal” geothermal gradient and a hydrostatic load, the temperature 
would have been about 110° C and the pressure about 300 atmospheres. The 
density of CO, under these conditions is about 0.6, roughly that of liquid CO, 
at room temperature under its equilibrium vapor pressure. If it is considered 
that the geothermal gradient would probably be a little lower in a basin of 
sinking sediments and that the pressure on ascending CO,, held back by the 
frictional resistance of the nearly impermeable shales of the Chinle, Morrison, 
and Mancos formations, might well be lithostatic, the density of CO, would 
be about that of the pore waters of the mineralized sediments. The relation 
of the ores to the containing beds suggests strongly that the density of the ore 
fluid was equal to or greater than the pore waters; in the Shinarump con- 
glomerate, ore is characteristically in channels at the base of the formation, 
whereas in the sandstones of the Salt Wash member of the Morrison forma- 
tion, it commonly “floats” in the middle of an apparently homogeneous sand- 
stone layer. Elsewhere in the Salt Wash, the ore may “hang” against a shale 
split for long distances, and then abruptly cut down across bedding planes. 
In still other places it hugs the base of a sandy layer. 

The “bleached” shales that so often underlie or overlie ore bodies might 
be the result of the slow solution of CO, in the pore waters of the rock, with 
concomitant removal of hematite cement and solution and recrystallization 
of calcite. The effect of CO, dissolving in pore waters might also account 
for the occurrence of ore in light-colored sandstones, commonly with dissemi- 
nated pyrite. The CO, dissolved in the pore waters would react with the 
iron oxide of originally red sediments, and the resulting ferric ion would be 
reduced and precipitated as pyrite by a small amount of H,S in the CO,, or 
the ferric ion could even be adsorbed by, or taken up in the structure of, clay 
minerals (9). 

The rhythmic precipitation that is so common in the ores and that has 
led some workers (8) to postulate a ground water origin might be rhythmic 
precipitation at the shrinking boundary of the dissolving CO, phase. The 
very sharp and in some places undulating margins of many ores suggest depo- 
sition at a phase boundary, perhaps between pore waters and the dense 
gaseous CO,,. 

The fact that the ores represent additions of an unusual suite of elements, 
which are deposited interstitially in the rocks, suggests transportation by an 
unusual solvent, which has very little effect, except addition, on the rocks 
within the ore itself. Because the added elements resemble the trace element 
suite in petroleum, it has been postulated by Erickson and others (7) as the 
ore fluid. Liquid CO, has been characterized as a nonpolar or weakly polar 
solvent (16, p. 58) and conceivably might be a solvent for a similar suite of 
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metals as well as for organic materials. Furthermore, recent laboratory ex- 
periments indicate that the solubility of certain crude oils in liquid CO, is 
great enough to warrant its used in secondary oil recovery (12). 

The natural gases of the Colorado Plateau are known to run very high in 
CO, (Table I). In reading an account of the distribution of CO,-rich gas 
wells in the United States, one is struck by the number of occurrences in 
southwestern Colorado, northwestern New Mexico, and southeastern Utah. 
By coincidence, perhaps, a dry ice plant was planned in Grand Junction to 
utilize CO,-rich gas from the Morrison formation. 

In summary, we have felt for some time that there is a “gimmick” in the 
vexing problem of the origin of the ores of the Colorado Plateau. From the 
little we know, CO, is just sufficiently common and unusual to lead us to the 
suspicion that it will bear a good hard look as a candidate for ore-depositing 
honors. 
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CONTRIBUTION TO STUDIES OF ORIGIN OF 
PRECAMBRIAN BANDED IRON ORES 


EUGENE A. ALEXANDROV 


ABSTRACT 


The geochemical environment favorable for the formation of Pre- 
cambrian banded iron ores is reconstructed and illustrated with results of 
experiments with the leaching of iron oxide and silica at different tem- 
peratures, at different pH ranges, and in the presence of certain elements 
in solution. 

It is suggested that the intermittent banding of silica and hematite in 
Precambrian banded ores is caused principally by the selective weathering 
of Precambrian soil. Due to the seasonal changes of temperature; amount 
of precipitation, and the alternately higher and lower pH range of the 
leaching solution, the Precambrian soil yielded alternately solutions carry- 
ing to the basin of deposition almost exclusively silica during the warm 
season and chiefly iron oxide during the cool period of the year. 


BASIC CONSIDERATIONS 


WITH a very few exceptions (29), geologists are agreed upon the sedimentary 
origin of the banded iron ores, which are associated almost exclusively with 
the Precambrian formations having different degrees of metamorphism. 

Conditions that were favorable for the formation of these unique and pecu- 
liar ores, predominated only during the Precambrian. The deposits of un- 
metamorphosed banded iron ores of Maliy Khingan (22) have been considered 
as lower Paleozoic, but today these appear to be the only known exception. 

The problem of reconstruction of the environment favorable for the forma- 
tion of banded iron ores is connected with study of the source of materials for 
the formation of intermittent bands, the transportation of these substances, and 
the process of rhythmic deposition of the alternating laminae of chert and 
hematite, in places associated with carbonate. 

The main purpose of this paper is an investigation of the process of solu- 
tion and leaching of the two chief constituents of the bands—iron oxides and 
silica. Since, in the phases of experimentation here described, the ferrous 
iron was converted to ferric iron, the results related to iron oxides really deal 
with ferric oxide alone. 


RECONSTRUCTION OF ENVIRONMENT FAVORABLE FOR 
THE FORMATION OF BANDED ORES 


Leaching.—The source of the materials for the formation of banded iron 
ores was on dry land. During the weathering of the mother rock, iron oxide 
and silica were leached and transferred into the basin, where they formed the 
typical banded sediments. 

It may be suggested that the ancestral rock from which the leach solutions 
were derived was a basic rock, rich in iron-bearing silicates. Probably vol- 
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canic processes, as favored by some authors, do not play an important role in 
the formation of banded deposits (17), because the high mineralized solu- 
tions of volcanic origin would become unstable and precipitate their mineral 
matter immediately upon contact with the water of the basin, thus forming a 
thick unbanded deposit. 

The reconstruction of Precambrian conditions on dry land requires a con- 
sideration of the basic facts of pedology (11) and paleopedology, and of the 
composition and behavior of humus (32) as important geologic factors. The 
process of weathering during the Precambrian involved organic matter, which 
served as the source of humic acids. The presence of fossil algae and bacteria 
in Precambrian deposits has been shown by J. W. Gruner (13). K. D. Glinka 
(11) considers bacteria as destructive, especially of silicates. The author of 
this paper had the opportunity to discover algae in Precambrian formations 
concordantly covering the banded iron ore formation in the Kremenchung area 
of the northern part of the Greater Krivoy Rog basin, U. S. S. °. 

The idea of Woolnough (33) relative to the possibility of the existence of 
primitive forms of life on land appears to be sound. Probably Precambrian 
land organisms are represented by algae that were capable of existing on very 
wet ground. These algae might well have been the source of the humic acids 
that contributed to the formation of Precambrian soil. 

Such humic acids are represented by a complex of organic acids with a 
pH range that changes according to the season of the year (1), the climate, 
the types of plants yielding the organic matter, and the types of ions present 
in solution. Such humic acids play the major role in the formation of all 
types of soils and are represented by the complex of fulvous acids. The latter 
are easily dissolved in water, and of all types of humic acids, they are the best 
solvents or peptizers. But the humic acids are not stable compounds; they 
easily change from one form to another (15, 23). They form humates with 
metals, the solubility of which depends on the physico-chemical environment 
and the presence of different ions. 

The laboratory experiments by the writer involved the leaching of a “syn- 
thetic” and possible mother rock, made up of approximately 50 percent by 
weight of hematite from the Mesabi Range and 50 percent of amorphous silica. 
This material, carefully mixed, was ground and screened through a 100 mesh 
screen. The leaching was done by means of an extractant prepared from 
peat. The results are shown in the following table: 


TABLE 1 


INTENSITY OF LEACHING AS FUNCTION OF PH AT CONSTANT 
TEMPERATURE (16.6° C) 














Parts per million 
pH 
Fe:0; SiOz 

3.9 414.8 164.6 
4.1 343.5 190.2 
4.9 190.5 42.2 
6.0 9.4 2.6 
6.1 8.8 4.4 
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The amount of both Fe,O, and SiO, in solution decreased with the increase 
of pH range. Temperature and time had no influence upon the rate of leach- 
ing, as can be seen from the following tables : 














TABLE 2 
INTENSITY OF LEACHING AS FUNCTION OF TEMPERATURE 
Parts per million 
re pH 
Fe20; SiO: 
1.7 44 97.7 | 117.7 
8.3 4.4 4800.0 2903.3 
16.3 4.4 3935.5 724.4 
20.2 4.4 4552.2 2865.5 
36.0 4.4 115.5 87.7 
0.3 Be 84.4 Trace 
12.1 5.1 1375.5 584.4 
13.6 5.1 251.1 135.5 
17.5 5.1 584.4 182.2 
1.2 5.0 50.8 14.3 
20.3 5.0 78.5 3.5 
37.5 5.0 89.2 55.8 






































TABLE 3 
LEACHING DURING DIFFERENT PERIODS OF TIME 
Parts per million 
oc Time of leaching, 

rs. pH hrs. 
Fe20; SiOz 
26.0 SS 1 133.0 74.1 
20.3 5.0 168 78.5 3.5 
16.6 4.9 168 190.5 42.2 
7.7 5.2 192 600.0 110.7 








The most interesting phenomenon is the ratio of Fe,O, to SiO, (Table 4, 
Fig. 1). In this case the temperature is shown to have a definite influence 
upon the ratio of ferric oxide to silica at constant pH. In general the ratio 
of Fe,O, to SiO, increases below 20° C and decreases above 20° C. 

The lower parts of the graphs (Fig. 1) illustrate the phenomenon of leach- 
ing in the northern hemisphere, while the upper parts of these graphs repre- 
sent conditions in tropical regions. 

In the northern hemisphere and in alpine regions the soil formation is asso- 
ciated with the bleaching of the iron-bearing rocks and soils at low tempera- 
ture, abundant precipitation, and considerable accumulation of humus (32). 
The completion of this process is marked by a soil of podzol type, deficient in 
iron and rich in silica. The iron oxides are leached, transported to the basins 
of sedimentation, and precipitated as bog ores. Under an exceptional com- 
bination of favorable conditions the formation of an iron-deficient soil is also 
possible in tropical regions, as, for example, on Java (15). 
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TABLE 4 
RATIO OF Fe203 To SiOz at DIFFERENT TEMPERATURES OF LEACHING 
pH FC Fe20;/SiO2 
2.5 23.0 6.10 
2.5 27.0 5.70 
2.5 35.0 3.70 
2.7 23.0 4.30 
2.7 35.0 2.40 
3.0 23.0 1.30 
3.0 24.0 1.00 
3.0 35.0 0.80 
4.4 1.7 0.83 
4.4 8.3 2.04 
4.4 16.3 5.43 
4.4 20.2 1.58 
4.4 36.0 1.31 
5.0 1.2 3.55 
5.0 20.3 22.42 
5.0 23.0 4.50 
5.0 24.0 4.60 
5.0 32.0 3.30 
5.0 35.0 2.20 
5.0 37.5 1.59 
6.0 23.0 4.20 
6.0 32.0 1.80 
7.0 23.0 55.00 
7.0 32.0 2.00 
5.0 2.0 3.32 
5.0 20.0 13.64 
5.0 40.0 0.40 
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Ratio of iron oxide to silica during leaching. 
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TABLE 5 


RESULTS OF LEACHING WITH SOLUTIONS PREPARED AT DIFFERENT TEMPERATURES 




















Parts per million 

pH a, Time in hrs. | Type of solution 

| | Fe:0s SiO: 
4.9 16.6 168 Extract of peat at 25° C 190.5 42.2 
4.4 | 16.3 168 Extract of peat at 100° C 3935.5 724.4 
7.0 26.0 1 Distilled water with CO» 48.6 4.4 
7.0 | 39.0 1 As above 107.1 12.5 
6.0 | 24.0 24 Extract of fresh Sphagnum 22.3 8.7 








In tropical regions, as a rule, weathering results in lateritization. High 
temperature causes quick decomposition of humic acids. This decomposition 
is accelerated by the activity of bacteria, which cannot exist in a very acid 
environment (23). During this period water penetrates the soil containing 
the relics of humic acids and forms of specific leaching solution that does not 
attack the sesquioxides. The sesquioxides remain in situ, being precipitated 
because of the changing pH range. At the same time silica is leached. 

Selective leaching may depend also on the type of humic acid. It is known 
that different plants can produce solutions of differing acidities. Extractants 
prepared at different temperatures have different leaching capacities (Table 
5). This can be explained only by the different types of humic acid obtained 
at different temperatures. It is quite possible that solutions exist which 
almost exclusively leach only one type of mineral, leaving another in place 
undisturbed. Bremner, et al. (4), carried out experiments with leaching clay 
loam, using different organic acids with sodium in the radical. They obtained 
solutions with iron contents ranging from traces up to 397 micrograms per 
gram of soil. 

The presence of different kations in the leaching solution affects the solu- 
bility of the mother rock (Table 6). Above 20° C sodium and calcium act 
upon leaching as depressants. 

Ferric and ferrous iron are susceptible to leaching at different pH ranges. 


TABLE 6 


LEACHING OF IRON OXIDE AND SILICA IN PRESENCE OF DIFFERENT KATIONS 

















| Parts per million 
pH FS Kation Time (hrs.) 

Fe:0s SiOz 
5.0 2 Ca++ 24 237.5 70.5 
5.0 | 20 Catt 24 23.2 1.7 
5.0 | 40 Catt 24 4.0 9.8 
5.5 24 Mg** 1 4.2 2.2 
5.5 24 Nat 24 61.1 Traces 
5.5 26 None 1 133.0 74.1 
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Antipov-Karataev (3) found that the solubility of ferric iron at pH 7.5 is 
below 10-** mol/l. and that of ferrous iron 10 mol/I. 

With the beginning of the cool season the decomposition of humic acids is 
lower. C. Bloomfield (5) prepared extracts of undecomposed leaves of New 
Zealand kauri and pine needles, which caused the solution of the hydrous ferric 
oxide. This experiment gives a clue to the conditions existing during the 
Precambrian shift of seasons. With the beginning of the wet and cool season, 
later to be followed by a dry period, fresh solutions of organic matter, similar 
to those prepared by C. Bloomfield, redissolve the ferric laterite and render 
it capable of migration toward the basin of deposition. 

As already stated, the rate of decomposition of the accumulated organic 
matter increases during the warm season and consequently the acidity of the 
P leaching solution decreases. With these conditions the sol of humate coagu- 
: lates easily, contributing, after dehydration, to the formation of a lateritic 

crust. According to L. N. Alexandrova (2) the possible forms of inter- 
connection of iron with other components of the iron humate are: 


1) (HOOC) ,-1 coo. 
R Fe(OH) 
fie ft 
Pi i 
(HO) m—1 O 
Coo 
4 4 f 
2) (HOOC),,_» JZ Fe(OH) 
~*~ fe JA 
Ree 
(HO)pn-1  COO—Fe(OH), 
3) (HOOC) 2 Coo 


R—O—Fe(OH) 
i . 


/ \ 
(HO) m—1 COO—Fe (OH); 
»Fe(OH)s 


These formulae show the gradual “saturation” of humate with iron, result- 
ing in the formation of nFe(OH),, which has only an intermicellar form of 
connection with the complex gel. The oversaturation of a solution of humates 
of sesquioxides results in coagulation (11). In the case here discussed co- 
agulation occurs as the acidity of the solution decreases. The accumulation 
of hydrates of sesquioxides is characterized by the lack of a strong solvent 
(10). Under these conditions a lateritic “duricrust” can form (33). 
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The seasonal environment favorable for the intermittent leaching of iron 
oxide and silica can be summarized as follows: 


Warm season Cool season 
>#20°C ae" C 
Low content of humus in soil. High content of humus in soil. Leaching 
Leaching of silica. Lateritization of iron oxide. Podzolization 


A hypothetical graph (Fig. 2) illustrates this concept. 

It has been postulated that the Precambrian atmosphere was deficient in 
oxygen (19, 31). Numerous facts support this point of view, but it seems 
that during the time of formation of the Precambrian banded ores oxygen was 
already present in the atmosphere. The deficiency of oxygen could arrest the 
decomposition of organic matter as now in peat bogs, where the pH ranges 


t c° pH 


Iron oxide 
100% 


LATERITI ZATION 7 
20° 


0% 0% 





Fic. 2. Hypothetical diagram showing the ideal conditions for 
the selective leaching of iron oxide and silica. 


from 2.8 to 4 only in the upper, more or less aerated zone, but is 6 and higher 
in the oxygen-deficient, lower zone, where decomposition is practically absent. 
3esides the humic acids, there are minor factors that contribute to the 
weathering and leaching of rocks. These are pyrite as a source of sulfuric 
acid, and carbon dioxide, the amount of which in the atmosphere was relatively 
constant at least through all the later geologic periods (25). 
Transportation.—The geomorphology during the Precambrian was charac- 
terized by a very smooth relief of a perfect base levelled shape (33). This 
fact is favorable for the undisturbed transportation of hydrosols. The rela- 
tive deficiency of aeration is characteristic for the slowly flowing streams over 
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levelled surface, and the deficiency of aeration of water contributes to iron 
solubility. 

Hydrous sols of silica are transported in form of colloids which are stabi- 
lized by protective organic agents. 

Precipitation—The Precambrian seas or basins of deposition accumulated 
both clastic and chemical deposits. Banded ores were deposited in zones 
where no clastic material was brought in. But Pettijohn (24) expressed the 
opinion that they were deposited in very shallow water. Tyler and Twenhofel 
(30 )suggest that the iron formation was deposited under deltaic or related 
environments in fresh water. 

Under ideal conditions the water of the basin of deposition should be defi- 
cient in carbonates, particularly calcium salts, because their presence would 
cause an immediate precipitation of iron oxide and it is doubtful that a uniform, 
thin band of iron ore could then be spread over a very considerable area of 
the sea bottom. The water should be free from electrolytes, because these 
also cause immediate precipitation (21). These facts suggest that the deposi- 
tion of banded ores proceeded in fresh water. As suggested, organisms appar- 


TABLE 7 


PRECIPITATION OF IRON AND SILICA HYDROXIDES AS FUNCTIONS OF TIME 





























Parts per million 
pH ro Time (hr.) Precipitated Remaining in solution 
FeO; SiOz Fe:0; | SiOz 
5.5 26 ~ ee ia 133.0 | 74.1 
5.5 22 48 68.8 74.1 64.2 Traces 
5.5 22 96 73.0 } 61.6 60.0 12.5 
5.5 22 144 70.5 | ° 51.8 62.5 22.3 





ently played a part in precipitation (9, 13, 30), and only Spencer and Percival 
deny the presence of organisms in the basins of deposition. 

Besides the factor of pH range and the oxidation-reduction potential which 
determine the selective precipitation according to Castafio and Garrels (7), 
H. L. James (17), Krumbein and Garrels (18), and Takao Sakamoto (26, 
27), the factor of time also plays a role in the precipitation of iron and silica 
(21), as shown in Table 7. During the experiments here reported, silica was 
redissolved in time because the equilibrium of the solution was disturbed after 
a partial precipitation of iron hydroxide. 

Studies were made also of the influence of temperature upon the rate of 
precipitation of iron oxide and silica (Table 8). At 46°°C all of the silica 
precipitated, together with 92 percent of the iron oxide. With the increase 
of temperature, silica showed the tendency to redissolve, while the tendency 
of iron oxide to redissolve was only half as great as that of the silica. At 
100° C about 97 percent of iron oxide was precipitated. 

From these experiments it appears that the temperature of water in the 
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TABLE 8 
PRECIPITATION OF IRON AND SILICA HyDROXIDES AT DIFFERENT TEMPERATURE RANGES 
Parts per million 

pH FC Precipitated Remaining in solution 

Fe203 SiO2 Fe20; SiO2 
§.5 26 —_— —_ 133.0 74.1 
5.5 46 125.0 Traces 8.0 74.1 
5.5 50 107.1 17.8 25.9 56.3 
5.5 60 101.7 18.6 31.3 55.5 
5.5 100 129.4 25.8 | 3.6 48.3 

















basin of deposition during the Precambrian was apparently similar to the 
average temperature of sea and lake water today. 

The intermittent introduction of iron and silica compounds stabilized with 
organic matter simplified the process of selective precipitation. The silica 
bands in iron ore correspond to the warm season and the hematite bands corre- 
spond to the cool season. For simplification the problem of formation of car- 
bonate bands was not considered, though these are constituents of some Pre- 
cambrian banded iron ores. This question has been treated by authors men- 
tioned above. 
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ABSTRACT 


Bleaching clay deposits of the Sanders-Defiance Plateau district, 
northeastern Arizona, are an important commercial source of activated 
bentonite. High-grade deposits show a definite association with geologic 
structure, distribution of the host formation, type of parent tuff and degree 
of subsequent alteration, and both the pre- and post-clay erosion pattern. 

The district is located along the western and southern flanks of the 
Defiance Plateau. The DeChelly sandstone crops out in the central por- 
tion of the uplift and is successively overlain in places by the Moenkopi 
and Shinarump formations; the younger Chinle formation crops out in a 
belt around the flanks of the uplift. The Bidahochi formation of Pliocene 
age unconformably overlies the Chinle and older formations in the district. 

Accompanying the Laramide upwarping of the Defiance Plateau a 
broad shelf area was developed along the southwestern edge, flanked by a 
westward dipping monocline. The Defiance Uplift and the monocline re- 
stricted the areal distribution of the Bidahochi sediments to the shelf area. 
Channeling of the shelf area occurred during deposition of the lower 
member to the west. Volcanic ash falls occurred during deposition of the 
Bidahochi sediments. The ash was further accumulated in the deposi- 
tional traps of the shelf area by erosion. 

The course of alteration of vitric tuff to bentonite is traced by field ob- 
servation, microscopical examination, and x-ray analyses. The ratios of 
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ions present in the tuff (latitic) and bentonite (calcium montmorillonite) 
are calculated from chemical analyses, and an equation is written for the 
chemical reaction between the rocks expressed in rock-cell formulas. 

Combination with water is the first step in the alteration. Mg has been 
added; and silica, Na, and K have been removed. Al is taken to have re- 
mained essentially static because it was presumably flocculated by the pres- 
ence of excess divalent Ca and Mg ions. 

All known bleaching clay deposits of the district occur in close prox- 
imity to: (a) a belt confined to the shelf area, and (b) the approximate 
stratigraphic position of the medial volcanic member of the Bidahochi 
formation. 

The channel and basin structures, locale of the vitric ash accumulations, 
were developed as a result of regional structures. Within any depositional 
trap, smaller-scale structural features further controlled the accumulation 
of ash and subsequent development of bleaching clays. These small-scale 
features may result from: (a) local squeezing, (b) inequalities of the 
depositional basin or channel, and (c) erosion having removed the clay 
since deposition and its alteration. The drainage pattern of the larger 
modern streams coincides somewhat with the Pliocene post-clay pattern. 
If by comparison the ancient channel was large, it probably removed the 
clay by an erosional cut-out feature. 

The best prospects for developing new deposits in the district lie within: 
(a) the areal extent of the shelf area, (b) those Bidahochi sediments im- 
mediately overlying this structural shelf in the older rocks, and (c) parent 
vitric ash accumulations that are latitic in composition. Favorable areas 
in the district are outlined. 

An estimated total output for the district (1924-1954) is 4,650,000 
tons. 


INTRODUCTION 


Previous descriptions of the bleaching clay deposits occurring in the district 
have been largely concerned with individual localities and deposits (3, 5 and 
15). As part of an over-all mineral resources survey of the Navajo country,’ 
an intensive investigation of the bleaching clay district was completed. After 
plotting and evaluating all known occurrences, a rather orderly and consistent 
pattern of distribution is apparent (Fig. 1). The study indicated that origi- 
nally many now isolated deposits that occur in channels and basins were con- 
nected by similar structures. As the systematic basis for distribution has not 
beer. heretofore recognized, and because this pattern is the principal guide to 
future prospecting and expansion of production in the district, the following 
discussion may be of interest. High-grade bleaching clay deposits show a 
definite association with geologic structure, distribution of the host formation, 

1 Mineral resources survey completed under terms of a contract between the U. S. Bureau 
of Indian Affairs and the University of Arizona (1952-55). Numerous new bleaching clay 
deposits were located in the district as a result of field investigations and prospecting by project 
personnel, particularly Prof. H. E. Krumlauf (1954) and P. H. Howell (1953). W. D. Keller, 
University of Missouri, served as research geologist and G. A. Kiersch as director of the min- 
eral resources survey. Boyd Moore, Ted McKee, and Geo. Good served as field assistants. 

Thanks are due Padraic Partridge, Whittier, California, for suggestions and comments con- 
cerning the distribution and occurrence of some deposits, Dan Roddy, Whittier, California, for 


courtesies and assistance during the course of field operations, and G. Austin Schroter, Los 
Angeles, California, for helpful comments. 

The manuscript has been improved by the review and comments of C. A. Repenning, U. S. 
Geological Survey, Holbrook, Arizona, and Dr. Eldred D. Wilson, Arizona Bureau of Mines, 
Tucson. The illustrations have been drafted by Don Sayner, Tucson. 
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type of tuff and degree of subsequent alteration, and both the pre- and post- 
clay erosion pattern; the latter has thoroughly dissected the clay bodies of the 
district. 

Bleaching clay described in this report is a non-swelling (low expansion) 
calcium montmorillonite clay that settles rapidly in thin water dispersions. 
An acid treatment is utilized to activate artifically the bentonite for chemical 
uses. In contrast, swelling bentonites are largely sodium montmorillonite 
clays that absorb excessive water, expand greatly, and remain in suspension 
in thin water dispersion. Uses are largely in the natural state. 

History and Production—Bleaching clay in the district was prospected 
and tested as early as the 1920’s. The first deposit explored was at the 
old Allentown mine (Fig. 1), which produced only a small amount of clay 
before being abandoned.? In 1924 the total production of bleaching clay 
was reported to be 30 short tons. The Filtrol Corporation contracted for 
the production from the Chambers mine in 1926 (Fig. 1), which operated, 
by underground methods, until 1942, producing in a typical year (1928) 
11,473 tons of bleaching clay. Declining production in the early 1930's 
stimulated prospecting for additional deposits and several good prospects 
were located southeast of Sanders in the vicinity of the present Cheto mine 
(Fig. 1). By 1933 C. A. McCarrel of Chambers, Arizona, began the first 
production in this new area, using open pit methods. In 1933 the produc- 
tion of bleaching clay totalled 11,616 tons (5), increasing to 144,000 tons by 
1949 (17) and an estimated 250,000 tons in 1954. Since 1942, when the 
Chambers mine was closed down, all production in the district has been 
from the Cheto mine*® area. On January 1, 1955, the Alba Corporation 
purchased the right to mine the main McCarrell and Gurley property in the 
Cheto area; all production is shipped to the Filtrol Corporation, Los Angeles, 
California. Estimated total production of the district (1925-1954, inclusive) 
is 4,650,000 tons. Currently the clay is reported to market for $45 to 
$165/ton in the activated, processed state, at the shipping point Los Angeles, 
or for about $20-$25/ton in the unprocessed state. 


GEOLOGIC SETTING OF THE DISTRICT 


The bleaching clay district of northeastern Arizona is located in close 
proximity to the Defiance Plateau. This asymmetrical, elongated domal 
uplift rises to an elevation of over 7,000 feet and extends from near Sanders 
northward for nearly 100 miles. The uplift is characterized by a gentle 
westward slope and a steep eastern side; average width is about 40 miles, 
although along the southern edge it is nearly 60 miles across (Fig. 1). Wide, 
flat-floored drainages flow westerly, except for tributaries south of the Rio 
Puerco (Fig. 1). 

2 Allentown mine was owned and operated by the Filtrol Corporation, Los Angeles, California. 

3 Principal operations have been by C. A. McCarrell and C. E. Gurley, lessees. Essentially 


all production has gone to the Filtrol Corporation, Los Angeles, Calif., under terms of a 
contract. 
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Geologic formations of the district are shown on Figure 2. A generalized 
areal distribution of the rocks is shown on Figure 1. The DeChelly sand- 
stone crops out in the central portion of the uplift and is successively over- 
lain in some areas by the Moenkopi formation and the Shinarump con- 
glomerate. The younger Chinle formation crops out in a belt around the 
flanks of the Defiance Uplift and overlies the Shinarump and Moenkopi or, 
in their absence, lies directly on the DeChelly sandstone. The Bidahochi 
formation of Pliocene age unconformably overlies the Chinle and older 
formations in the district (Fig. 1). 

Geologic evidence indicates that the Defiance Plateau may have been an 
area of ancient uplift. This is suggested by the variable thicknesses and/or 
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Fic. 3. Areal distribution of the Bidahochi formation and principal structural 
features. The structural shelf and monoclinal structure located to the west are 
delimited. A schematic cross-section illustrates the location of depositional traps 
on the shelf area and their position with respect to beds of the lower and upper 
Bidahochi members. 


absence of the Mesozoic formations, i.e., prominent units of the Chinle forma- 
tion are missing and occurrences of the Shinarump and Moenkopi formations 
are spotty. During Tertiary time, the Defiance Uplift was a pronounced 
structural feature and restricted the areal distribution of the Bidahochi 
sediments to its western and southern edges. The upper member of the 
Bidahochi formation overlaps the western and southern flanks of the uplift 
in a strikingly symmetrical outcrop along the contour, indicating a pre- 
Bidahochi structure very similar to the present outline. All known bleaching 
clay deposits of the district occur in close proximity to: (a) the stratigraphic 
position of the medial volcanic member of the Bidahochi formation, and (b) 
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a belt confined to a structural shelf area, located near the pinchout of the 
lower member of the Bidahochi formation (Fig. 3). 

Evidence available indicates the bleaching clay deposits originated from 
a vitric ash approximating quartz latite in composition; deposition was ap- 
proximately contemporaneous with that of the medial or volcanic member 
of the Bidahochi present to the west. The medial member overlies a chan- 
neled surface, similar in characteristics to the irregular and dissected topog- 
raphy upon which the pre-clay ash was deposited. Clay deposits occur as 
channels and basins cut into the lower member as well as within the basal few 
feet of the upper member. Clay outline does not conform to the ash contact 
in all places; reason—argillation of the ash. 

Bidahochi Formation—The Bidahochi formation lies in the headwaters 
area of the Little Colorado River of northeastern Arizona. It consists of 
fluvial and lacustrine deposits, and basaltic volcanic rocks which have been 
subdivided into three members by Repenning and Irwin (14). The deposi- 
tional basin of the Bidahochi was bounded by Black Mesa on the north, the 
Defiance Plateau on the east, the Zuni Plateau on the southeast, and the 
Mogollon Plateau on the south and southwest (Fig. 1). 

The Bidahochi formation was named by A. B. Reagan (12) in 1924. 
More recently, several investigators have described the occurrence and char- 
acteristics in greater detail (4, 6, 9, and 14) ; the following description is in 
large part after Repenning and Irwin (14). The lower or clayey member 
of the formation consists of banded gray, brown and pink flat-bedded mud- 
stone and argillaceous fine-grained sandstone with a few beds of both white 
rhyolite to quartz latite and dark basaltic ash. At the type locality this 
series totals 488 feet. 

The medial, or volcanic member, present in the central and western area 
of the lower member consists of lava flows and detrital materials derived 
from volcanic outbursts; although greatly thinner on an average, it attains a 
thickness of as much as 100 feet. In many areas this member overlies a 
channeled surface very similar to the surface upon which the parent bleaching 
clay material was deposited. The surfaces suggest that the medial member 
and the pre-bleaching clay ash may be approximate time equivalents and 
further that they may represent approximately contemporaneous volcanic 
outbursts. The medial member is predominantly basaltic in composition and 
the pre-bleaching clay ash is latitic. 

The upper member, of particular interest with respect to bleaching clays, 
is more widespread than the other two units. This member is composed 
predominantly of white to pale brown, cross-stratified, poorly cemented, 
medium- to fine-grained argillaceous sandstone with a few bands of white 
rhyolite to quartz latite ash. The upper, or sandy member, which comprises 
60 percent or more of the total thickness of the formation, has a maximum 
thickness of approximately 600 feet near Greasewood (6). Small lenses of 
gravel, conglomerate, and coarse sandstone are common near the top of the 
member and numerous beds and lenses of calcareous sandstone are known 
to form resistant ledges within this upper section. Although most of the 
upper member is friable and easily eroded, scattered indurated rock lenses 


BLEACHING CLAY DEPOSITS 477 


and resistant beds therein have caused considerable difficulty in excavating 
overburden at some bleaching clay deposits. The lower member pinches out 
to the east, roughly along a line extending from near Sanders on the Rio 
Puerco to Cornfields on the Pueblo Colorado Wash (insert map Fig. 1). 

Hack (4, p. 334) suggests that the formation was deposited by “south- 
westward-flowing streams.” This suggestion is substantiated in the north- 
eastern part of the area where the upper member contains a large amount of 
dark coarse-grained sand composed of volcanic rock (14, p. 1825). As this 
sand is less common to the southwest, it could have been derived only from 
the volcanic area that lies in the northern part of the Defiance Plateau and 
the Chuska Mountains. During the time when the pre-bleaching clay ash 
was deposited, there seems to be no doubt that the streams were flowing 
south and southwestward in the area (Fig. 1) north of the Rio Puerco. 

The source of the vitric ash is a matter of speculation. Its actual location 
was beyond the current scope of this survey because a detailed investigation 
of the Pliocene tuff beds throughout this part of Arizona and adjacent New 
Mexico would be required. Volcanic activity has played a prominent part 
in the Tertiary history of this region, particularly during Pliocene time. To 
the west lies the Hopi Butte volcanic field, originally an extensive area of 
flows and pyroclastic rocks. Northeastward lies the volcanic area of the 
Chuska Mountains and eastward in New Mexico the Mount Taylor volcanic 
field; and to the south lie the extensive volcanics of the White Mountains. 
Near the northern extension of the latter, flows of probable Pliocene age are 
associated with tuffaceous beds that appear from preliminary study to be 
equivalent to the Bidahochi formation of this district. Certainly many possi- 
bilities exist as to the source of the ash deposited in the depositional traps, 
and because of insufficient evidence no conclusions are offered. 

As described earlier, part of the Bidahochi sediments were derived from 
the Chuska Mountains region. Also the Defiance Plateau has supplied sedi- 
ments to the Bidahochi basin (cross-section Fig. 3). In a similar manner the 
Zuni and Mogollon Plateaus respectively (insert map, Fig. 1) have un- 
doubtedly supplied sediments to the basin, as is evident from the regional 
distribution of the formation, particularly the upper member. 

Regional Structure-—The Defiance Uplift has influenced the develop- 
ment of this area throughout a long period of geologic history, possibly since 
early Mesozoic time for reasons given earlier. 

Deformation of the area in post-Cretaceous to pre-Bidahochi time 
(Laramide revolution) developed a broad, essentially flat shelf between 
the main part of the Defiance Uplift to the east and a flanking, westward 
dipping monocline to the west (description of shelf after Repenning, 13). In 
general this shelf appears to have flanked the southwestern side of the 
Defiance Plateau and, with some modification, carried around the southern 
nose of the Uplift where it dies out on the limb of a synclinal feature be- 
tween the Defiance and an elevated area to the south (Fig. 3). 

For the most part, lower member rocks of the Bidahochi formation pinch 
out against this monoclinal structure whereas the upper member was de- 
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posited across the monocline and the shelf area to pinch out against the flank 
of the main part of the Defiance Uplift. 

As a result of these relationships considerable channeling of older rocks 
occurred on the shelf area during deposition of the lower member, effected 
by streams flowing into the lake in which the lower member was deposited. 
These channel and basin structures became the locale of vitric ash accumula- 
tions that were subsequently altered to high-grade bleaching clay. 

Their age is considered to approximate that of the medial Bidahochi 
member or be equivalent to the time of transition from the lower to the 
upper member because of: (a) association with an erosion surface (mentioned 
above), and (b) latitic composition of the parent vitric ash, suggesting a 
restricted source and limited period of ash fall. 

Along the western and southern edge of the Defiance Plateau, the struc- 
tural shelf coincides closely with deposits of a basin or lens type; in the 
Cheto area the shelf is less pronounced (Fig. 1). Typical channel deposits 
are most abundant up-dip from the shelf on the flank of the Plateau (Figs. 1 
and 3). 

These depositional trap deposits are, of course, immediately overlain by 
the upper member of the Bidahochi. They contain most, if not all, of the 
known bleaching clay deposits. Although related rhyolitic to basaltic ash 
beds are common elsewhere in both members of the Bidahochi, the peculiar 
environment of this shelf area and the latitic composition of the vitric ash 
seem to have been requirements for the alteration of the parent ash deposits 
to bleaching clay. 

The fact becomes apparent then that large-scale structural features have 
restricted the regional deposition of the Bidahochi formation; and subsidiary 
structures have controlled the areal deposition of the marginal beds in a belt 
extending from Ganado on the north to a point east of Sanders. Traversing 
these marginal beds were smaller basins and channels which became the site 
of accumulations for volcanic ash. Within any one basin or channel, still 
smaller-scale structural features controlled the urther accumulations of ash 
and the subsequent development o b'caching clay deposits. The significance 


of channel, basin, and areal ““stures tat re so import nt in the prospecting 
and development o° individua derosits is d's ribed in greater detail under 
genesis. 


Evidence of post-Lidahochi uplilt is well recognized along the western 
and southern flanks of the Defiance Plateau although no quantitative estimate 
of uplift has been made. McCann (10, estimated at least 7)0 feet of uplift 
of the Zuni Plateau since deposition of the “sidahochi formation. Evidence 
is not as pronounced in the D: ficnce area, end it is believed the post-"idahochi 
uplift was not as great. 


CIHAR‘C ERIST'CS OF BLEACIIING CLAY DEPOSITS 


Occurrence 


All of the deposits occurring in the peripheral belt from Ganado Mesa 
on the north to Lupton on the south (Fig. 1) show many characteristics in 
common. The bleaching clay, or the partially altered parent tuff, occur in 
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two general types of depositional traps; either linear channels or larger lens- 
like bodies that underlie the tuffaceous upper Bidahochi member or occur in 
the basal beds o! this unit. —n some instances, generally close to the Defiance 
Piateau, the ash was deposited immediately upon the older formations; 
whereas in others the ash is underlain by contemporaneous sediments. Evi- 
dence from the district suggests that the individual deposits are actually 
erosional remnants of a widespread blanket ; clay bodies existing today occupy 
topographic lows of the Pliocene landscape. Many salient features of the de- 
posits are particularly well shown at the Cheto mine because of the extensive 
open-pit workings. However. additional and equally important features are 
best shown at some o! the other deposits. The description to follow applies 
to the district as a whole and not to any single deposit. 

The bleaching clay is associated with reddish or tan silts; invariably the 
clay is overlain and in some cases underlain by the silts. Normally both the 
contacts of the clay with silt is unexpectedly sharp. However, where the silt 
is admixed in some manner with the clay deposit, usually near the margins of 
basins and channels, one of the following three conditions exists: (a) sand 
and silt are disseminated throughout, (b) a pinkish layer of sand and silt 
occurs within the upper part, and (c) stringers and vug-like pockets of sand 
occur scattered throughout. In instances where any of these three conditions 
exist, the sand content of the clay normally increases to a total of four to six 
percent, a prohibitive concentration for commercial use. 

In general the bleaching clay deposits pre-date the first coarse sand lenses 
or lenticular beds of the upper Bidahochi member. These tuffaceous sand- 
stones are cross-stratified on a small- to moderate-scale, and in some localities 
they total a few tens of feet thick. However, in areas of bleaching clay 
deposits the sandstone is either absent, or occurs as scattered thin lenses in the 
overlying beds, or as a 10-15 foot stratum some 30-50 feet above the clay. 
Deposits of bleaching clay rarely occur directly underlying an outcrop of this 
sandstone or immediately adjacent to its area of pinch-out. Rather, commer- 
cial grade deposits will occur at some distance from the pinch-out or strati- 
graphically lower within siltier strata. 

High-grade bleaching clay deposits average from three to five feet thick, 
but a nine-foot thickness reportedly was pierced in drill holes northeast of 
the Cheto pits (Fig. 1). A part of this variation in thickness may be due 
to: (a) an undulating floor to the trap, (b) irregular erosion of the deposit, 
or (c) lateral position in the deposit with respect to its margins. 

Post-clay Bidahochi stream channels have been cut into the clay, and in 
some cases entirely dissect it. A tan to brownish silt fills the channels and, 
as described above, characteristically overlies the deposits. Generally the 
contact between the incised stream channels and the underlying clay is un- 
expectedly sharp and in many places offers no evidence as to whether the 
channel edges are pre-alteration or post-alteration of the ash. However, on 
the side of one channel, and elsewhere at the base of the overlying tan silt, 
smail particles of clay (gravel-size) are included within the tan silt. These 
occurrences are interpreted as being sound evidence that the channels were 
cut into the clay after alteration, i.e., alteration took place in bodies of fresh 
water. Obviously this evidence assumes considerable importance in any in- 
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terpretation of the stage of development and occurrence of the bleaching clay 
deposits. Inasmuch as the geologic occurrence is significant in planning a 
prospecting program, or in inferring the probable distribution of hidden 
bleaching clay deposits, considerable weight is placed on the interpretation of 
the geological history under which the clay originated. Steps in the geologic 
history as interpreted are described below (under genesis) ; suggestions as 
to the probable occurrence of additional bleaching clay deposits are given in 
the section on prospecting. 


Structure 


At least four distinct areal or small-scale structural features are common 
to the bleaching clay deposits. These features, largely associated with chan- 
nels, basins or lenses, and pinchouts of the clay bodies, may result fram: (a) 
local squeezing, (b) inequalities in the depositional basin or channel, and (c) 
erosion having removed the clay since deposition and its alteration. Because 
a knowledge of these structural features is desirable in planning any operation 
throughout the district, a short description follows. Each type of ore body is 
illustrated on Figure 4. 

Deformational pinchouts are common where the beds overlying the bleach- 
ing clay are thick and the clay is exposed near the floor of a relatively deep 
cut or stream channel (Fig. 4a). Beds overlying the clay are bent, broken 
and/or minutely folded due to movement caused by static loading while those 
beneath are relatively undisturbed. This feature is the “pseudo uncon- 
formity” of Schroter and Campbell (15, p. 9). The clay is seldom if ever 
totally absent but invariably is greatly thinned for a short distance (Fig. 4a). 
To develop the “pseudo unconformity,” the clay must flow towards the free 
face of the cut or slope from a point behind the outcrop where it is thinned. 
In practice then, a local thinning of the clay deposit can be suspected where 
overlain by high humps, ridges, and hills if the bleaching clay horizon crops 
out nearby in a cut, stream channel, or valley floor. 

Irregularities in thickness of some clay bodies exist because the initial ash 
fall was deposited on an irregularly eroded surface of a channel or basin. 
In these cases the floor of the basin or channel may rise and fall very abruptly, 
even to the point of completely cutting out the bleaching clay with a bar- 
type depositional “horse” of underlying rock. These supposed boundaries 
of the deposit should not be considered as definite limits until further ex- 
ploration actually proves that the clay does not extend beyond such deposi- 
tional pinchouts. Features of this type occur along the edges of larger basin 
deposits (Fig. 4b) such as in the Cheto area as well as associated with some 
channel deposits (Fig. 4c) like those south of Lupton (Fig. 1). 

Erosional pinchouts (Fig. 4d) have resulted in the removal of extensive 
high-grade clay material by post-clay channeling of their upper surface. 
Mining in the Cheto area has revealed many post-clay Pliocene channels that 
flowed in a southwesterly direction; this pattern generally follows the present 
drainage system. As expected, the larger channels have cut below the clay 
horizon and completely removed all bentonite whereas smaller channels are 
bounded within the clay itself (Fig. 5). Generally these Pliocene channels 
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Fic. 5. Erosional pinchout in Cheto mine pit showing sharp contact of white 
bleaching clay and overlying tan silt. Note near horizontal contact on left and 
the undulating channel cut into bentonite on right. Channel flowed southwest, view 


looking west (August, 1954). 





Fic. 6. Looking southwesterly into Cheto mine pit (July, 1954). The typical 
soft overburden conditions are shown in foreground and distance. Note pattern 
of the post-clay channel (arrow) outlined by brown silt back-filling. A second 
channel shows in excavated pit face to the left. Brown in center and foreground 


is silt that overlies the bleaching clay. 
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are backfilled with tan sand and silt, quite similar to the material that blankets 
the clay bodies (Fig. 6). 

The most important erosional pinchout known in the district, but of 
more recent origin, was caused by the erosion of the Graywater Valley (Fig. 
1) ; apparently bleaching clay three to seven feet thick was removed by Gray- 
water Creek from an area some 3,000 feet wide and 7 to 9,000 feet long. 


Relation to Topography 


Certain relationships between the topography and the occurrence of ore 
bodies are known for the district. The present drainage pattern parallels 
somewhat the ancient post-clay drainage system (Pliocene) in many areas. 
Commonly where a drainage or intermittent stream flows southerly or west- 
ward, it is quite possible that an ancient stream channel paralleled this course 
and dissected the clay horizon. Where the modern stream is relatively large, 
probably the ancient channel was comparable in size; if so, the Pliocene chan- 
nel (Fig. 4d) probably removed much clay for a considerable distance beneath 
either side of the modern drainage. This general relationship of topography 
to ancestral drainage is evident in the mine workings of the Cheto area 
where the larger Pliocene erosional pinchouts of the clay are overlain by 
modern drainages. The ancestral channel is backfilled with tan silt, which 
likewise blankets the clay. Exploration drilling in the district has also 
determined the removal of clay in areas traversed by the stronger drainages 
(Fig. 1). 


Physical and Petrologic Description 


Color of the bleaching clay, a function of alteration and sedimentation, 
varies according to its location and proximity to the Defiance Uplift; at Cheto 
the bentonite is white with dark specks, pinkish near Chambers, and dark gray 
in the vicinity of Allentown. In some deposits the bleaching clay is distinctly 
cross stratified (channel deposits) but in others it is less stratified and more 
massive (lens deposits). High-grade clay breaks with a rough conchoidal 
surface that resembles yeast cake; when wetted it swells to about four times 
its dry volume and breaks down to a mealy paste. The sand and silt content 
varies between and within individual deposits, but generally increases as the 
flank of the Uplift is approached, and on the edges of individual deposits. 
All clay bodies contain some sand and silt with commercial quality clay having 
less than four percent. 

The bleaching clays and associated parent tuffs of the district vary widely 
in quality and texture; ranging from a fine-grained, homogenous, relatively 
pure, montmorillonitic clay, such as that which occurs in the Cheto deposit, 
to coarse, sand-sized, mealy, slightly argillized, clayey tuffs. Several samples 
within this range will be described to provide evidence for conclusions as to 
the alteration process by which these bleaching clays were formed. The 
following description of four widely separated clay occurrences illustrates the 
principal physical and petrologic features of the many bleaching clay deposits 
in the district, as shown on Figure 1. 
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Fic. 7. Photomicrograph of tuff partially altered to bentonite in thin section 
from erosion remnant in Cheto deposit. Note subparallel arrangement of platy 
shards, and one triangular shard near center. This is a vitric tuff; no crystals of 
primary minerals are present. Most of the dark spots are not opaque; they are 
dark refraction borders about alteration spots that have low index of refraction. 
Plain light, x 30. 

Fic. 9. Photomicrograph of incompletely argillized tuff from Allentown. Note 
crystal of twinned plagioclase, long shred of mica, and other grains of feldspar and 
quartz. The vitric portion has been altered to clay which surrounds crystals that 
have scarcely been attached. The gritty, “impure” portion of the Allentown deposit 
is characterized by the parent crystal tuff. X-Nicols, x 30. 
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Cheto Deposit—A complete series of specimens is available from the 
Cheto deposit to trace the course of argillation of the relatively fresh tuff 
to the final bleaching clay. A few “horses” or mounds of unaltered ash 
are preserved within the clay bed, and the material in these remnants shows 
complete transition between the unaltered core to the surrounding clay. 

The fresh tuff at the Cheto deposit is composed of typical angular, platy 
glass shards ranging in cross section from fine dust to about 0.25 mm., al- 


























Fic. 8. X-ray powder diffractograms. A. High-grade activable bentonite from 
Cheto area, solvated in ethylene glycol. B. Tuff partially altered to bentonite from 
Cheto area, solvated in ethylene glycol. C. Fresh tuff from Cheto area. D. Perlite 
from Superior, Arizona. North American Philips x-ray, CuKe radiation, Ni fil- 
tered. The high peaks at the left of the diffractograms are at 4.9° 29. 





eestie 
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though the average range is between 0.06 and 0.25 mm. The index of re- 
fraction of the glass is 1.498 without much variation. Almost no birefringent 
material is visible; it is a truly vitric tuff. 

An X-ray powder diffractogram of the fresh tuff is shown in Figure 8c. 
This diffractogram shows no record of regular, interplanar spacings, as 
in a crystal, but is similar to diffractograms of artificially prepared glass 
(16) and diffractograms (Fig. 8d) of the perlite from Superior, Arizona. 
Keller and Pickett (8) inferred from infrared and X-ray data that the 
structure of the glass in the Superior perlite was a random network of Si, 
Al-O, tetrahedra linked by hydrogen and metal cation bridges. It is believed 
that the structure of the glass in the Puerco Valley tuff is similar to that 
inferred for the Superior perlite and for artificially prepared glass. 











TABLE I 
COMPARATIVE ANALYSES OF TUFF AND ACTIVABLE BENTONITE 
(a) (b) (c) 

SiOz 63.74 51.10 49.91 
AlsO3 12.72 15.68 17.20 
Fe20s 2.53 3.38 2.17 
MgO 2.01 4.52 3.45 
CaO 1.67 2.06 2.31 
Na2:O 1.14 0.23 0.14 
K:0 3.19 0.15 0.28 
H.0-— 6.73 15.02 15.77 
H:0 6.60 7.14 7.70 
TiO: 31 0.41 0.24 

100.64 99.68 99.17 














(a) Tuff from Puerco Valley, Arizona (11, p. 183). 
(b) Bentonite from Puerco Valley (11, p. 183). 
(c) Activable bentonite (montmorillonite) from Chambers mine (1). 


A powder diffraction pattern of the tuff partially altered to bentonite is 
shown in Figure 8b. The specimen has been solvated in ethylene glycol 
which expands the basal spacing of the clay mineral to approximately 18 A. 
Montmorillonite has developed through alteration of the glass. A powder 
diffractogram of the clay from the bentonite deposit surrounding the tuff 
remnant is shown in Figure 8a, which is a typical diffractogram of the Cheto- 
Chambers Ca-montmorillonite. A microscopical examination of the partially 
altered tuff shows the development of montmorillonite in the incompletely 
altered shards, which confirms the X-ray data. A photomicrograph of tuff 
partially altered to bentonite is shown in Figure 7. Rude parallelism of the 
shapes of some clay aggregates is inherited from the texture of the fresh tuff. 

The change in chemical composition during argillation of the tuff is 
shown in chemical analyses published by Nutting (11, p. 183) of “the partly 
altered parent tuff and the bentonite formed locally in the same deposit” 
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(Table I a, b). Nutting computed also the loss and gain of oxides referred 
to static Al,O, during the alteration, but we have computed elsewhere (Keller 
et al., 7) the loss and gain expressed in terms of ion transfer. The latter 
computations are repeated below. 

Nutting’s analysis of the “partly altered tuff” records 6.60 percent of 
H,O. Our analyses of several specimens of unaltered tuff (freshness checked 
under the microscope) gave losses of only 4.75 percent weight upon ignition ; 
this figure was substituted for Nutting’s H,O content to represent the water 
in fresh tuff. In order to eliminate the effect of mechanically held moisture, 
both analyses were recalculated on a moisture free basis as shown in Table 
II, a and b, for tuff and bentonite, respectively. 


TABLE II 


COMPARATIVE ANALYSES OF TUFF AND ACTIVABLE BENTONITE EXPRESSED ALSO AS OXIDES 
TO DETERMINE THE CONSTITUENTS LOST AND GAINED DURING ARGILLATION PROCESS 














(a) (b) (c) (d) (e) 

SiO» 69.87 60.13 Si 58.13 37.87 —20.26 
AlsOs | 13.94 18.45 Al 13.68 13.68 
Fe:Os 447 3.98 Fe 1.70 1.89 0.19 
MgO 2.20 5.32 Mg 2.75 5.03 2.28 
CaO 1.83 2.42 Ca 1.65 1.63 —0.02 
Na:0 1.25 0.27 Na 2.00 .30 1.70 
K:0 | 3.50 0.18 K 3.70 15 3.55 
H.0— | 
H:0 4.75 8.40 H 26.37 35.30 8.93 
TiOz 34 0.48 Ti .20 .22 0.02 

| re) 160 124.08 —35.92 

















(a) Tuff, Puerco Valley, with assumed H20+ content 4.75 percent. 
(b) Bentonite, Puerco Valley, free of HxO—. 

(c) Ions in 160-oxygen cell of tuff in (a). 

(d) Ions in 160-oxygen cell of bentonite adjusted to 13.68 ions of Al. 
(e) Loss or gain in cations during alteration when A is constant. 


For the purpose of expressing the alteration in terms of ion transfer, 
the analyses of tuff and bentonite, originally reported as oxides, were con- 
verted into numbers of ions present in a rock cell containing 160 oxygens 
(Barth’s rock cell, 2, p. 50). The ion ratio of the fresh tuff is shown in 
column c of Table II. The same type of ion ratio was set up for the bentonite, 
but in order to compare it with the tuff, the ions in the bentonite were adjusted 
so as to hold Al at 13.68, the same amount of Al in the tuff, see column (d). 
Nutting had also assumed Al to be static when he estimated the change from 
tuff to bentonite. This assumption appears to be valid if Ca and/or Mg 
ions, strong flocculants for colloidal hydrated alumina, are present in sig- 
nificant amounts during the alteration process. 

By subtracting algebraically column d from column ¢ in Table II, the 
loss and gain during argillation can be calculated, as shown in column e. 
Constituents lost during the argillation process are preceded by a minus sign. 





*, tease eete 
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The same losses and gains may be written in the form of a simple chemical 
reaction as below. 


Has.37 Naz.oo Ks.70 Cai.6s Mge.75 Fei.70 Alis.es Siss.1z Ti.20 O160 
+4.47 HO +Mgo.2st* +Fe.ist* +Ti.o2** +0.85-- ———> 

Has.s0 Na.so K.15 Ca1.6s Mgs.os Fe1.s9 Alis.6s Sisz.s7 Tizz O12s.o8 
+20.62 SiOz +Na1.1* +Ks.ss+ +Ca.o2t* 


The equations may be shortened by substituting the words “tuff” and 
“bentonite” as indicated. 


Tuff +4.47 HO +Mgo.28t* +Fe.tt +Ti.o2e*t +O.s5-- ———— 
Bentonite +20.62 SiOz +Nai.%2* +Ks.sst +Ca.oot* 


It is seen from the foregoing equation that water and Mg ions were added 
during the reaction, and that silica and the alkali ions were removed in solu- 
tion. The amount of silica lost is large, but the alkali ions are sufficiently 
abundant to stabilize the silica in solution. The specific source of Mg ions 
is not determinable with certainty from either laboratory or field evidence. 
Mg may have been originally present in the water in which argillation of the 
tuff occurred, or it may have been brought into the system after dissolution 
from rocks surrounding the area. Argillation is inferred to have occurred 
in a non-acid environment because: (a) no excess H ions are required in 
the equation, and (b) hydrolysis of alkali silicate glasses and minerals 
normally releases excess OH ions. (See Addendum.) 

Argillation at the Cheto deposit proceeded to form a homogeneous, fine- 
grained, relatively uniform bentonite clay. The parent rock, as displayed by 
an unaltered remnant, was a homogeneous, fine-grained, holohyaline tuff. 
Of further significance is that apparently the tuff was essentially wholly vitric, 
in view of the uniform and relatively complete argillation. 

Allentown Mine.—Unmixed clay from the Allentown deposit (Fig. 1) is 
more gritty, and appears incompletely argillized, in comparison with that from 
the Cheto deposit. A photomicrograph of the Allentown material (Fig. 9) 
shows coarse, gritty particles of feldspar and quartz embedded in bentonitic 
clay. The clay fraction of the Allentown material is similar, however, to 
the clay at Cheto. The similarity in the clay from the two localities suggests 
that the intensity of argillation was the same at both localities. However, 
because crystals are generally more stable than their glassy equivalents, it is 
inferred that the feldspar and quartz at Allentown were simply unaltered 
while the glassy portion of the Allentown tuff has been argillized the same 
as the wholly vitric Cheto tuff. Therefore, gritty phases, classified as im- 
purities, in the bleaching clay deposits of the district probably arise from a 
parent tuff that was partially crystalline, rather than indicating non-uniform 
argillation and devitrification. If this presumption is valid, the cleanest and 
purest deposit of activable bentonite will be developed from vitric tuff entirely 
free from crystalline constituents. 

The Allentown clay body is a dissected channel deposit some 50 to 100 
feet wide and 1500 feet long. The ash is cross-stratified on a scale indicative 
of deposition by running water. A zone of sandy weathered Chinle material 
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generally occurs between the parent ash and the underlying Chinle shale. 
Reworked Chinle material partially blankets the deposit. 

Burntwater Wash Prospect—A bentonite exposure on Burntwater Wash 
(Fig. 1) consists of a tuffaceous, sandy clay layer that grades upward with a 
decreasing ratio of grit into a layer (8-12 inches thick) of cleaner bentonitic 
clay that appears to be of merchantable quality. Within the transition zone 
the feldspar and quartz decrease in abundance, and their grain sizes decrease 
from a range of 0.25-1.25 mm in diameter at the base to a range of 0.04-0.1 
mm at the top. Here, as at Allentown, the nature of the parent material 
apparently controlled the quality of bentonite that was formed. 

This channel deposit is in siltstone a few feet above the underlying 
Moenkopi contact. The depositional pinchout characteristics of a channel 
deposit are well developed. 

Ganado Mesa Deposits.—Stratigraphic sections across the tuff-bentonite 
deposits on Ganado Mesa show coarse-grained, gritty, argillaceous tuffs, and 
fine-grained, smooth-textured tan to white clays, and all grades between. As 
in the preceding descriptions, the coarse-grained particles are invariably 
crystal fragments, not coarse-grained shards or glass fragments. Moreover, 
in hand specimens that are comprised of interlaminated white and tan layers 
of clay, the white clay laminae are essentially devoid of tuff crystals, whereas 
the tan clay contains abundant fine, silt-sized crystals of feldspar and quartz. 

Here again the evidence indicates that the clay developed from vitric tuff, 
and the purest clay from wholly vitric particles. Tuff that contained both 
glass and crystalline material underwent alteration during which the glass 
was converted to bentonite, but the mineral crystals were scarcely affected. 

A guide to the occurrence of originally vitric ash deposits would probably 
be a guide to high-quality activable bentonite deposits in the district. 


Chemical Character 


The bleaching clay is a calcium montmorillonite of the activable type and 
after activation is reported to have a base exchange capacity in excess of 120 
milliequivalents per 100 grams (1). 

The pH of a “soil paste” (approximately one part of clay by volume 
to one part of water) of the clay was found to be 7.9-8.0; it was reported at 
7.47 (test method not specified) in the A. P. I. report (1). The difference in 
pH measurement may be attributed to differences in clay concentrations and/ 
or the soluble salts present. The water soluble salt content of the Chambers 
clay gave a conductivity of 0.35 microhos/cm (6). This is equivalent to 0.1 
percent soluble salt, a concentration conducive to high pH values. 

Other pertinent chemical data is given in the appendix, such as relative 
cation exchange capacity of clay from deposits in the district. 


Genesis 


The beds of the Bidahochi formation, which contain the bleaching clay 
deposits, were deposited primarily on an irregularly eroded surface overlying 
the Chinle formation ; in some areas the beds were laid down on older rocks, 
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i.e., Shinarump, Moenkopi, and DeChelly formations. The pre-Bidahochi 
surface was similar to that which exists today ; it consisted of stream channels, 
lake basins, and other surface irregularities. Volcanic ash falls and par- 
ticularly an interval of latitic ash occurred during medial Bidahochi time 
(transition from lower to upper members) and apparently covered most of 
the landscape in the district (Figs. 1 and 3). The latitic ash filled stream 
channels and depressions. It seems probable that a considerable part of the 
ash was vitric and that this material was further concentrated in permanent 
streams, small lakes, and ponds by stream flow. It is speculated that these 
lakes contained fresh water, having a greater concentration of calcium and 
magnesium in solution, rather than sodium predominating as occurs in the 
ocean. This reasoning seems to follow by the fact that the bentonite is 
composed of a calcium montmorillonite, and Mg was added during alteration 
of the ash to bentonite (7). 

Following the deposition of a volcanic ash blanket over much of the area, 
alteration of the ash to montmorillonite was initiated. The most extensive 
and richest clay deposits were developed toward the deeper part of the 
depositional traps, which were largely confined to the shelf area (Fig. 3). 
A correlation of measured stratigraphic sections (Fig. 2) indicates a deepen- 
ing of the regional basin of deposition southwestward from where the Rio 
Puerco now flows (Figs. 2 and 3). In other words, the area north and 
east of the structural shelf became progressively higher in elevation as the 
flanks of the Plateau were approached. Evidence to this effect lies not 
only in the measurement of stratigraphic sections and the local attitude of the 
Bidahochi beds, but in the pattern of numerous filled stream channels, now 
preserved as clay deposits; generally those streams flowed in a southwesterly 
direction. These channels, such as represented by the Allentown and Burnt- 
waters localities, apparently drained southwesterly toward the lower shelf area 
and the regional basin beyond. A local flattening of the underlying beds 
throughout the shelf area influenced the erosion thereon and subsequently 
the accumulation of the parent ash. Thicker clay deposits were accumulated 
in a westerly to southerly direction because of the existing stream pattern 
and structural features. Much of this concentration of ash must have been 
by streams, as indicated by silt content, which stripped the material from the 
topographic highs located on the flanks of the Plateau and deposited it in the 
depositional basins. 

Following de-vitrification and hydrolysis of the ash to bentonitic clay, 
there was a period of erosion, probably short in time, which stripped some 
bleaching clay and further removed parts of the ash from the higher land 
surfaces on the flanks of the Plateau. Erosion removed part of the upper- 
most clay in the present Cheto deposit and in certain places stream channels 
were cut entirely through the clay body. Hence, the only bleaching clay 
deposits that remain today are those that were protected by lying within 
old channels, depressions, or basins. 

Following this period of erosion, reddish to tan sand and silt, which 
contains more or less unaltered crystal tuff, were laid down over the eroded 
surface and the bleaching clay deposits. This poorly consolidated sand was 
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probably deposited under subaerial conditions in which. streams and small 
lakes were temporarily present. The yellowish, oxidized character of the 
material «nd the cross-stratified sandstone lenses and discontinuous layers of 
thin, probably fresh water limestone support an interpretation of subaerial 
deposition for the sand. 


Uses 


The oil and chemical industries employ various clay-rich materials, either 
in their natural state or after chemical or physical treatment; such modifica- 
tion is known as activation, which enhances the capacity of the clay to ad- 





Fic. 10. Cheto mine, middle pit, looking southeast with cliffs of the upper 
Bidahochi in distance. The four steps in mining operation are: (1) Cat and carry- 
all stripping in background; (2) pealing off brown silty clay—middle background ; 
(3) loading bleaching clay with power shovel—middle foreground; (4) hand load- 
ing last few inches of bleaching clay—foreground. (Photograph by P. W. Howell, 
1953.) 





sorb coloring matter and other impurities selectively from oils. Activated 
clays are prepared from activable bentonite. 

Bleaching clays of the district are widely used in the activated form; in 
fact, it is of sufficiently high quality to justify shipping to commercial markets 
in the Los Angeles and Mississippi Valley areas. Commercially, the clay 
is reported to be one of the very best natural materials for use as a catalyst 
in the refining of high-octane gasoline. It is also used as an adsorbent agent 
in the refining and decolorizing of edible and mineral oils, for coating of 
seeds, in clay-pack fillers, and in DDT powder as an extender. 
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PROSPECTING—POTENTIAL DEPOSITS 


In any search for additional bleaching clay deposits or an extension of 
the known occurrences, the best prospects lie within: (a) the areal extent 
of the shelf area (Fig. 3), (b) those Bidahochi sediments immediately over- 
lying this structural shelf in the older rocks, and (c) parent vitric ash accu- 
mulations that are latitic in composition. 

On the other hand, prospecting should be close enough to the structural 
basin flanking the shelf area so that an adequate thickness of volcanic ash was 
accumulated or redeposited in the low areas by stream action. Likewise 
any search must be confined to localities where erosion in post-alteration time 
was not so extensive to remove all the clay. 

The position of this favorable region is a relatively narrow band from 
Ganado Mesa to Lupton (Fig. 3); its width locally may depend upon the 
inherent slope of the post-ash erosion surface during Bidahochi time. The 
present Cheto mining activity is in the narrower part of the shelf or collecting 
belt. Erosion by the Rio Puerco has cut out the immediate northern and 
northwestward extension of this band in some instances (Figs. 1 and 3). 
Post-Bidahochi deformation (Fig. 1) has gently flexured the shelf area in the 
vicinity of Sanders. 

From the Chambers mine northwestward, either clay which is exposed 
in outcrops or found in well holes, or unaltered tuff or tuffaceous sandstone 
may be traced more or less continuously to the northwest edge of Ganado 
Mesa (Figs. 1 and 3). These observations of clay, tuff, and tuffaceous sand 
mark the position of the shelf sediments of the Bidahochi formation, which 
are a potential site of hitherto unknown bleaching clay deposits. The evidence 
from this continuous band of clay and tuff around the flanks of the Defiance 
Plateau provides sound support to our theory that the bleaching clay originated 
from tuffaceous Bidahochi beds. It provides a basis for a systematic search 
for additional bleaching clay deposits along‘the band rather than drilling or 
prospecting indiscriminately over the whole occurrence of the marginal 
Bidahochi beds (lower-upper members) in this area. 

It is not improbable that a commercial deposit of high quality bleaching 
clay can be located north and west from the abandoned Chambers mine. 
In other words, it is not unlikely that the Chambers mine was simply a part 
of a larger, good-quality deposit, possibly analogous to that of the Cheto pro- 
ducing area although probably not connected directly with it. Over 300 feet 
difference in elevation exists between the Chambers and Cheto mines; and 
although this is not an impossible gradient for an ancestral drainage system, 
a systematic plotting of the clay bodies (Fig. 1) does not suggest an ancient 
connection. How far north the Chambers-Big Six type disconnected lens 
deposits exist along the tuffaceous outcrop can be found only by further drill- 
ing and subsurface prospecting. Other exploration methods which should 
prove applicable include a photogeologic study of soil and vegetation patterns 
(15). (See Addendum.) 

Farther to the north and west, in the direction of Padre Mesa and Ganado 
Mesa (Fig. 1), the marginal beds of the Bidahochi formation that are pro- 
ductive at Cheto and Chambers become more sandy, and the tuff is relatively 
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less altered. In Padre Mesa, for example, the tuff is thick but not clayey. 
In Ganado Mesa the tuff is sandy, and that part altered to clay of good ap- 
pearance is only thin. A long interval of the Bidahochi shelf sediments are 
covered south of Ganado and could possibly be a potential source of merchant- 
able clay, but we have no positive geological assurance that such would be 
the case. Only subsurface exploration would provide the answer in this 
area of potential deposits. 

The region that appears most favorable for new clay deposits includes ex- 
tensions north and northeast of the Cheto area and north of the Chambers 
mine. Numerous channel deposits occur south and southeast of Lupton 
(Fig. 1) and show a trend toward feeding an ancient basin located to the 
west in the direction of the Cheto deposit. 

The outline of the Cheto lens deposit (Fig. 1), as plotted from outcrops 
and subsurface drilling data, shows a widening of the clay occurrence as it 
approaches the Reservation boundary. Bleaching clay has been pierced in 
widely spaced drill holes located near Reservation land (Fig. 1). 

Whether any such suggested extensions of the bleaching clay can be 
mined as economically as the presently operated pits at Cheto can be de- 
termined only after the areas have been prospected and proved by subsurface 
exploration and the exact location of the ore bodies adequately outlined. 


APPENDIX A 


CATION EXCHANGE Data! For 10 Deposits oF BLEACHING CLAY 
IN District: ANALYSES BY P. W. HOWELL, 1953 


Sample? Milliequivalents/100 Grams Clay 
Big Six 79 
Chambers Mine 110 
Log Cabin T. P. 115 
Cheto Mine 117 
Whitewaters West 116 
Whitewaters North 102 
Black Creek (natural) 110 
Burntwater Wash 102 
Snake Creek 57 
Ganado 120 


1 Procedure: Saturation and leaching of the clay with NHsAc—NH,OH solution at pH 8. 
Washing out excess solution with 60 percent methanol. Distillation of clay by Kjeldahl process, 
using MgO to displace the NH4+ onthe clay. Absorption of the NHs in boric acid and titration 
of the ammonia-boric acid solution with HCl. 

2 See Figure 1 for location of deposit. 


Dept. oF GEOLOGY, 
UNIVERSITY OF ARIZONA, TUCSON, 
AND 
Dept. oF GEOLOGY, 
University oF Missouri, CoLuMBIA, 
Feb. 1, 1955 


ADDENDUM 


Since the manuscript was submitted for publication G. Austin Schroter 
(personal communication March, 1955) has made the following information 
known to the writers. During 1939, the Filtrol Corporation prospected the 
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area northward and northwest of the Chambers mine for about one mile, using 
widely spaced diamond drill holes. Results showed a marked thinning of the 
bleaching clay bed with an increase in silt content northward ; these conditions 
further substantiate the basin-type origin as suggested for this deposit. Al- 
though the drill data delimited the extent of the Chambers mine deposit, it 
further emphasizes the possibility that deposits of similar origin and size were 
formed along the shelf area to the north but now lie concealed. 

The Chambers mine is now inaccessible, and the writers were unable to 
examine the underground workings. 

Further explanation of the argillation of tuff to clay follows. “Cation ex- 
change has undoubtedly occurred to a greater or lesser extent during and after 
argillation of the tuff. Indeed the amount of alkali and alkaline earth elements 
in any sample of clay is in part a result of cation exchange, and may vary 
within the clay deposit. The weathering equation described in the text above 
includes the cation exchange which occurred in that particular clay sample. 
This equation serves as a representative illustration of the general case.” 
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RELATIONSHIPS OF ORE BODIES TO 
DIKES AND SILLS? 


DAVID V. LEWIS 


ABSTRACT 


A review of geologic literature shows many important relationships be- 
tween ore deposits and associated dikes and sills. Most significant are the 
structural controls by pre-ore dikes on ore localization. Dikes and sills 
commonly are competent, brecciated bodies that act as host rocks or as 
channelways for ore solutions. Incompetent dikes and sills serve as danis, 
ponding ore solutions at their contacts. Fracturing at dike contacts also 
creates channelways and loci for deposition; the nature of this fracturing 
is variable, and depends on relative competency and on the nature and di- 
rection of differential stress at the contact. Intersections of dikes and sills 
with fault zones, formation contacts, and other planar structures provide 
excellent sites for ore deposition. Primary features of dikes and sills, 
such as permeability, width, and configuration are sometimes important in 
localizing ore. 

Contemporaneous and post-ore dikes and sills in a few cases are im- 
portant as indicators of the factors controlling movements of ore solutions. 
Post-ore injections may seriously dilute ore deposits, or may by heat 
action effect changes in mineral composition and distribution. 

Genetic relationships between dikes, sills, and ore are not well under- 
stood. Magmatic segregations commonly take the form of dikes and sills, 
and other gradational relationships between ore and igneous rock are occa- 
sionally noted. Dike injection is predominantly pre-ore, with lampro- 
phyres and diabase apparently closely related in time to mineralization. 
Most dikes and sills associated with ore are of intermediate composition. 


INTRODUCTION 


THIs paper represents an attempt to determine in detail the relationship of 
ore bodies to dikes and sills. The nature of the work has been to examine 
representative geologic literature, noting associations of these smaller intru- 
sive bodies with ore deposits. From this review of the literature a classifica- 
tion of the associations has been arranged, and pertinent descriptive material 
has been summarized. Where possible generalizations have been made which, 
it is hoped, will aid in predicting the possible effects of dikes and sills on ore 
occurrences. 

Background.—The problem was suggested by Dr. G. M. Schwartz, to 
whom the writer is indebted for many suggestions. No summary treatment 
of the economic importance of dikes and sills has appeared in the major works 
on economic geology. Consideration is given to most of the significant struc- 
tural features associated with ore deposits in Ore Deposits as Related to Struc- 
tural Features (45) ; however, a classification of ore controls by dikes and sills 


1 Condensed from a thesis submitted to the Graduate Faculty of the University of Minnesota 
in partial fulfillment of the requirements for the degree of Master of Science. 
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is not included as such in this excellent symposium. Disseminated in periodi- 
cal literature are countless descriptions of ore-dike associations, with or with- 
out comments on the genetic or structural relationship between the ore and 
the intrusion. 

Scope of This Work.—The most important relationship that small intru- 
sions bear to ore has been found to be a structural one. This paper, therefore, 
will be concerned particularly with the structural importance of pre-ore dikes. 

Genetic relations, which are regarded here as the relations of ore material 
and dikes and sills to a common source, are difficult to summarize. These 
relations, easily inferred in a general way from the ubiquitous spatial associ- 
ations of intrusions and ore, are surely important in economic geology; it is 
unfortunate that little data have been presented in a way that would advance 
research on this problem. The question of the role of differentiation in form- 
ing the late, minor intrusions and hydrothermal solutions finds little new 
clarification in either the descriptive field records reviewed, or in the present 
paper. 

Contact-metamorphic effects and dilution of ore by post-ore dikes and sills 
are occasionally important in considering the grade and distribution of ore. 
These post-ore dike relations will be briefly summarized. 

As used in this paper, dikes may originate from injection or metasomatism, 
and may be gradational into sills. Sills as used in this paper may include sill- 
like bodies formed other than by injection, and flat-flying igneous bodies in 
massive igneous rocks, such as are also called intrusive sheets; sills will be 
regarded as transitional to dikes where their angle of dip is between 10 and 
20 degrees. 

Dikes of Non-Igneous Origin.—The occurrence of tabular, discordant 
bodies of breccia, conglomerate, sandstone, and other clastic material has 
raised the question of what limitations should be placed on the composition 
of bodies that are to be called dikes. “Clastic dike,” “sandstone dike,” “brec- 
cia dike,” “breccia pipe,” and “‘pebble dike” are terms that have been used in 
the geologic literature. Such bodies are important as host rocks for ore de- 
posits in a number of districts. Walker (75) has summarized the relations 
of breccia pipes to mineralization and volcanism. Clastic dikes and pipes of 
obscure origin are significant structural features at Cananea Sonora, Mexico 
(53), Cripple Creek, Colorado (38), Oruro, Bolivia (15), and Ouray, Colo- 
rado (56). Intrusive breccias are omitted from consideration in this paper. 

Replacement Dikes—Goodspeed (24), Bastin (4) and others have found 
evidence of a replacement rather than injection origin for certain small dikes, 
especially those associated with mineralization. Goodspeed gives an excellent 
discussion of aplites and porphyries in the Cornucopia district, Oregon, and 
lists and compares field and petrographic features of these “replacement dikes” 
with dikes formed by injection and fissure-widening. Bastin, as will be seen 
in the chapter on genetic relations, hypothesizes a similar mode of origin for 
the aplite of the Nipissing diabase. 

Vein-Dikes and Pegmatite Dikes—Pegmatites, although they may be re- 
garded as dikes by the definition used in this paper, are not discussed. Their 
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unique economic significance and the problems associated with their origin 
constitute subjects worthy of fuller treatment than can be given here. 

As far as their physical features are concerned, and disregarding their mode 
of emplacement, many hydrothermal veins may be regarded as varieties of 
dikes and sills. The mechanism of vein formation is apparently very contro- 
versial. Bichan (9) and Roberts (59) have assigned a very close relation to 
dike and vein formation by postulating a passive rather than forcible injection 
of dikes; Farmin (20) hypothesizes a forcible injection of both dikes and 
veins. Graton (25) has summarized the evidence of the nature of ore me- 
diums and the mechanism of their emplacement. 


STRUCTURAL SIGNIFICANCE OF DIKES AND SILLS 


Structural control exerted by dikes and sills on ore-localization has ‘been 
found to depend on many related factors. The most important of these is the 
competency of the intrusion relative to the competency of the country rock. 
Competent dikes and sills in areas of extensive open-fracturing may afford 
ideal hosts for ore-deposition. Incompetent bodies, commonly altered dikes 
and sills and lamprophyres, may act as barriers to ore channelways, and may 
localize ore deposition at their contacts. 

A more subtle factor, closely connected to competency, is the orientation 
of tabular bodies in relation to the stresses applied to the intrusive rock and 
the country rock. Depending on the direction of differential stress, the pres- 
ence of competent dikes and sills may give rise to open-fracturing in otherwise 
relatively plastic country rock. Conversely, fracturing may be tighter and 
less intensive near dike or sill contacts. 

Intersections of dikes and sills with pre- or post-intrusion planar structures 
are familiar depositional controls. Such structural planes include contacts, 
foliation, sheeted zones, main faults and fissures, and other dikes and sills. 

Preference shown in ore replacement for one rock type over another, de- 
spite apparent physical similarity between the two, is frequently encountered. 
The contrasts in primary permeability among rocks are sometimes found to 
be a partial answer to this problem. There exist, nevertheless, occurrences 
of selective replacement in which primary physical factors, as well as secondary 
permeability, must be ruled out in considering the main cause of localization. 
In such cases, the contrast in chemical composition between dike or sill and 
country rock may be the clue to the localization effect. 

Finally, the structural controls exerted on dike and sill emplacement com- 
monly influence ore vein emplacement. Dikes and veins sharing fissures, and 
convergence of either pre-ore or post-ore dikes toward loci of ore deposition, 
testify to the common similarity in ore and dike emplacement behavior, and 
may furnish clues to the location of ore. 

These aspects of structural relations will be illustrated below with examples 
observed in particular ore districts. 

Competent Dikes and Sills—The most important control exerted by dikes 
and sills on ore localization depends on relative competency. Pre-ore dikes 
and sills are commonly competent, brecciated bodies that are excellent host 
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rocks and channelways for ore deposition. A few of the many examples of 
such occurrences are summarized in the following paragraphs. 

A massive diabase sill, four miles long and 50 to 500 feet thick, is the host 
for gold-pyrite mineralization at the San Antonio mine, Manitoba (22, p. 315- 
321). The country rocks are soft, highly-sheared Precambrian (Rice Lake) 
metasediments. A synclinal warping, with other tectonic stresses, fractured 
the sill in two sets of shear zones; the influence of this structural pattern on 
ore vein formation is the most important control of ore in the mine. 

The Premier Mine, B. C. (37, p. 121-124) is in the area of Hazelton 
(Mesozoic) lavas, tuffs, and sediments. Pyrite, galena, and sphalerite occur 
in small, fractured orthoclase-porphyry bodies, including dikes and sills, ex- 
tending from a stock of the same composition. The intrusion of an extension 
of the Coast Range batholith is credited with fracturing the porphyry host 
rock, which provided channels for mineralization through the impermeable 
greenstones and tuffs. 

In the DeSantis Porcupine Mine, Ontario, and in other mines of the Por- 
cupine district, “quartz porphyry” (quartz-latite and dacite) tongues, sills, 
and irregular bodies are the loci for fracturing and vein formation. Country 
rocks are largely schists. Dunbar (18, p. 450) states that “Mining opera- 
tions, particularly in the past ten years, have shown the quartz porphyries to 
be of increasing importance as host rock for ore.” 

Fracturing is commonly controlled by the thickness of a competent body. 
Quartz-feldspar porphyry sills intruded into a flow-tuff complex containing 
the ore bodies of the Preston East Dome Mine, Ontario (29, p. 533). The 
ore is largely confined to the narrower parts of the sill—sections less than 500 
feet thick—where fracturing is more extensive. 

In the Malartic Gold Fields Mine, Quebec, small, sill-like bodies of diorite 
or metagabbro are the exclusive host rock for ore mineralization. The coun- 
try rock is talcose schist and greenstone. Fracturing, controlled by relative 
competency, was probably the main factor in ore deposition; but the degree 
of fracturing was in turn controlled sensitively by the thickness of the sills. 
Little ore is found in sills where they are more than 40 feet thick. The ore 
bodies are stockworks of quartz-stringers and disseminated pyrite. Porphyry 
dikes—dacites and latites—are similarly fractured, and veined with quartz, 
but not mineralized to the extent of being ore-grade. Halet (27, p. 874) sug- 
gests that these more acidic dikes may have acted as channelways for ore solu- 
tions, because the ore in many cases increases in value toward a diorite- 
“feldspar porphyry” intersection. 

Several brecciated and mineralized diabase sills, one to 15 feet thick, occur 
in the chalcopyrite zone of the Castle Dome Mine, Arizona. The mineralized 
veins of the area do not persist through these sills. In and near the sills ore 
occurs both interstitially between breccia fragments and as massive, irregular 
veins of chalcopyrite and quartz. The country rock and main host rock for 
the ore is finely veined quartz monzonite, but ore with the largest copper con- 
tent occurs in the vicinity of the diabase sills. This localization is partly due 
to the effects of supergene enrichment, and partly to preference of hypogene 
metallization for the diabase. The copper content of the sills is consistently 
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about twice as great as the copper content of immediately adjacent country 
rock, 

Peterson, Gilbert and Quick (54, p. 105) consider that the preference of 
ore for diabase is a physical one. The relative ages of vein fractures and sills 
is uncertain ; the sills may have caused fracturing in the country rock by their 
injection, or may have been shattered by the same adjustment that fractured 
the country rock. In any case, the relative competency of diabase and quartz 
monzonite was probably the deciding factor in creating a favorable site of 
deposition. 

The copper concentrations in and near the sills vary in a zoned pattern, as 
do the concentrations in the country rock. Tongues of ore immediately adja- 
cent to the sills follow them from the chalcopyrite zone into the high-pyrite 
zone. Solutions evidently rose along the vein fractures, and were diverted 
by the shattered sills of diabase, which acted as channelways for the solutions 
and as host rocks for the richer ore. 

Schwartz (65, p. 48) reports pre-ore diabase and post-ore rhyolite dikes 
distributed throughout the newly developed area of the San Manuel copper 
district, Arizona. The host rock of these deposits is similar to that of the 
Castle Dome district ; in both areas it is quartz monzonite and monzonite por- 
phyry. The ore in both cases is chalcopyrite, disseminated in these massive 
intrusions. In the San Manuel district, however, the percentage of ore shows 
no consistent relation to rock type in its occurrence in diabase and monzonite ; 
thus neither a genetic relationship nor a physical or chemical affinity of ore 
for diabase can be established. This fact suggests that the real controlling 
factor in deposition in the case of the Castle Dome diabases was the more in- 
tensive brecciation of the diabases. 

In the Magma mine of the Superior district, Arizona, two diabase sills in- 
trude the Pinal schist, Apache group, and Troy quartite (Precambrian- 
Cambrian). The upper sill averages 2,000 feet in thickness and the lower, 
1,100 feet. Several types of diabase are distinguishable ; and because the ore 
shows a distinct preference for diabase, the sill rocks have been studied in 
detail. There is evidently no relation between ore replacement and type of 
diabase (68, p. 37-39). 

Both chemical composition and superior secondary permeability are sug- 
gested as reasons for increased copper-zinc replacement in the sills. It is 
stated that “Undoubtedly the brecciated diabase was more susceptible to re- 
placement . . . than was the highly siliceous quartzite and shale” (68, p. 91). 
A detailed account of these ore-diabase relations should be compared with 
those of the Castle Dome and San Manuel mines, mentioned above. 

A quartz monzonite porphyry dike in the Magma mine was an unfavorable 
host for ore. Short (68, p. 90) suggests that the dike, though pyritized, lacks 
copper minerals “because it was intruded after the major movement and ac- 
companying brecciation of the country rock.” 

In general ore replacement in the Magma mine disregards lithologic con- 
trasts, except where extensive brecciation has concentrated ore in a particular 
“ack type. No distinct evidence is presented for a chemical affinity of copper 
for diabase. 
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All ore in the Timiskaming silver-cobalt area, Ontario, is associated with 
the Nipissing diabase sills (58, p. 3). Complex cobalt-silver ore occurs im- 
mediately above or beneath the lower contacts of the sills, in the Animikee or 
Cobalt conglomerates or in the diabase itself. Some ore is also found in the 
diabase at its upper contact. The mineralization is generally restricted to a 
zone 300 feet wide on either side of the contacts; mineralization is seldom 
found where the sills are less than 800 feet thick. 

The controlling factor in ore localization seems to have been competent 
fracturing in the diabase itself, with open-fissures retained to some extent in 
the adjacent country rock. 

Numerous other examples of the role of competent dikes in ore-deposition 
have been noted; but only those occurrences have been described which are 
particularly distinctive for this type of control. 

Incompetent Dikes and Sills—Altered felsites, lamprophyres, and other 
kinds of dikes and sills may yield plastically to deforming stresses, and may 
form impermeable barriers within brecciated host rock. Such barriers in 
certain instances are so free from ore minerals that they have been mistakenly 
regarded as post-ore injections. Incompetent dikes and sills in places are 
weakly mineralized, the main ore bodies being localized below them due to 
their damming effect on solutions. A few very clear examples of the role of 
incompetent dikes and sills are given below. 

Soft lamprophyre dikes are important structurally in the Rossland Camp 
mine, B. C. A regular series of north-south striking, steeply-dipping dikes 
cuts augite porphyry and monzonite; these dikes intersect an east-west- 
trending fissure-system. The ore consists mainly of copper-iron sulfides. 
Oreshoots tend to broaden and stop at contacts with the soft, impermeable 
lamprophyres; the shoots may follow the dike contacts for short distances. 
The ore-dike relationship here is not so obvious but what the lamprophyres 
had previously been considered to be post-ore; and post-ore movement along 
the dike-filled fissures is confirmed by offset oreshoots. Gilbert (23, p. 193) 
establishes the dikes as pre-ore on the basis of their barrier, or “ponding” 
effect, and considers them to be the main structural control affecting ore locali- 
zation (23, p. 189-196). 

An even better example of the barrier effect of incompetent dikes is found 
in the Bidgood Kirkland gold mine, Ontario. Ore is ponded beneath a lam- 
prophyre; the mineralizing solutions penetrated the dike to some extent, but 
were dammed again, at a higher level, by a “feldspar porphyry” dike. Chan- 
neling of the quartz-pyrite-molybdenite ore was controlled by a minor fault 
that definitely penetrated the lamprophyre, but no ore occurs in the dike. The 
country rock enclosing these minor intrusions is a massive, altered diorite (52, 
p. 653-658). 

Fracturing at Dike Contacts—The nature and direction of differential 
stress may be an important factor in determining the kind of fracturing that 
occurs as dike contacts. Slight differences in competency between dike or sill 
and country rock may cause open-fractures to be maintained at the contact; 
or the same competency conditions, with stress applied in a different direction, 
may result in tight shearing at the contact. In general, open-fractures are 
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maintained in incompetent country rock where shearing stress is oblique to 
dike contacts. Where stress is applied normal to the dike contacts, tight 
fracturing may result. The examples below will help to make clear these 
considerations. 

In Ontario’s Bidgood Kirkland mine, mentioned above, brittle, competent 
diorite dikes occur in highly-altered, massive diorite. This type of lithologic 
contrast has localized gold ore within a diorite dike in one section of the mine. 
But gold values are absent in a similar dike where it is intersected by a gold- 
quartz vein. Gold values in the vein increase markedly up to the vein-dike 
intersection; gold is found in the fracture zone through the dike and beyond 
it, but is not of ore grade. Fracturing, it is noted, is more open on the gold- 
rich side of the dike, but is very tight within and on the other side of it. The 
highly-altered diorite country rock is relatively incompetent and subject to 
tight shearing or fracturing. Parsons (52, p. 657) accounts for the more 
open fracturing on the ore side of the dike as follows: 


The soft, sheared condition of the diorite in contrast with the brittle, hard, massive 
dyke appears to have made part of the fracture in diorite more open near the dyke. 
Possibly the part of the dyke along the vein fracture acted as a bearing upon which 
one wall of the vein rode over the other. Where the dyke on one wall is in con- 
tact with the dyke on the other wall the fracturing would be tight and, consequently, 
there would be little or no space for the vein material; on the other hand, the dyke 
bearing would tend to hold open the fracture in the diorite on either side of the 
dyke, and thus permit vein deposition. .. . 


The Tulsequah Chief mine, Yukon Territory, is characterized by an altera- 
tion zone (albitized, sericitized, and carbonatized) associated with a felsite 
dike (69, p. 118-121). The country rocks are Triassic volcanics. Ore de- 
posits occur in shear zones, which are both pre- and post-dike. The strongest 
open fracturing is localized at one edge of the altered zone and near the walls 
of the felsite dike. Most of the ore is concentrated at these two contacts, and 
consists of massive pyrite-chalcopyrite lenses surrounded by an ore-gangue 
mixture. Again the factor of competency does not produce the expected re- 
sult, that is, brecciation in the hard, brittle dike. The dike was parallel to 
the direction of the shearing, and evidently sustained open fracturing near its 
contacts, induced by differential movement along them. The dike itself, 
though competent, is not open-fractured ; this phenomenon also may be partly 
a function of dike-stress orientation. 

The Duthie mine, B. C. (34, p. 131-137) should be mentioned as a case 
in which permeability is inhibited, rather than developed, at dike contacts. 
The country rock there is the Hazelton group—acidic flows and silicified tuffs 
—overlain by acidic to andesitic flow breccies. The gold-sulfide ore occu- 
pies sheeted, brecciated, and shear zones trending northeast along main fault 
zones. Near the intersection of these zones with a 50-foot wide diorite dike, 
the oreshoots narrow and fracturing is observed to be tighter and less inten- 
sive. Both the diorite dike and the country rock in the Duthie mine are com- 
petent. Again the possibility is advanced that the direction of the post-dike 
stresses with respect to the dike determined the nature of the fracturing near 
the contact. The ore-bearing, post-dike fault zones intersect the diorite at 
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very nearly a right angle. In the absence of a component of stress parallel 
to the contact the contact-fracturing was a tight shearing, diminished in inten- 
sity toward the dike because of the toughness or resilience of the diorite. 

Tension fractures formed between two subparallel dikes have been the loci 
for massive ore replacement at the Hutson zinc mine, Kentucky (50, p. 317). 
Sphalerite, with marcasite and calcite, have replaced Mississippian limestone 
along these fractures, some of which completely bridge the distance between 
the two dikes. The two intrusions are mica-peridotites, which lie from 84 to 
200 feet apart; both dikes dip steeply in the same direction. Both dikes are 
locally highly altered, and vein-fillings occur within and along these highly- 
altered sections. There is evidence of post-dike movement along the original 
tension fractures which the peridotites occupy; and the tension fractures be- 
tween the dikes were the result of this movement (50, p. 317). 

In a brief discussion of ladder veins as cavity-filling deposits, Bateman (5, 
p. 127) mentions two possibilities for the origin of fracturing controlling such 
deposits. ‘The fractures constituting ladder veins,” he says, “have generally 
been considered to be contraction joints. However, some fractures extend 
beyond the dikes into the walls, which indicates that cooling contraction may 
not be their cause.” He notes that Grout found that the total amount of intro- 
duced quartz-vein material in Minnesota’s ladder veins exceeded the possible 
contraction through cooling. Grout suggests that tangential movement of 
weak wall rocks opened up transverse tension cracks in a relatively brittle dike. 

Intersections with Other Structures.—Several ore occurrences were noted 
above in which the angle of intersection between the dike and shearing stress 
was especially important. In the present part of this paper examples will 
be cited in which the intersections of small intrusions with pre- and post-dike 
shear zones and other planar structures have served to localize ore. 

The intersection of a post-dike shear zone with a rhyolite porphyry dike 
favored deposition of lead-zinc ores in the Paleozoic limestone of the Seventy 
Nine mine, Arizona (33, p. 24-29). Westward-trending normal faults of 
Cretaceous-Tertiary age are occupied by a dike system of rhyolite, quartz 
monzonite, and quartz diorite. Later normal faulting resulted in north- 
south shear zones that intersected some of the dikes, and effected the shatter- 
ing of the rhyolite porphyry dike and the surrounding limestone. A still later 
recurrence of east-west fault movement contributed to the secondary permea- 
bility of the dikes. Ores replaced host rock along bedding planes and 
fractures, most of the ore being restricted to the North dike. The ore con- 
sists of galena and sphalerite, with pyrite and some chalcopyrite. The factor 
of intersection is important here in that ore-grade replacements depend on 
the concentration of shearing in a restricted fault zone; mineralized rock 
occurs almost anywhere that fracturing is developed, but the important Fault 
Zone ore body is confined to the dike-fault zone intersection. 

In the Britannia mines of British Columbia (63, p. 271-284) ore bodies 
occur mostly in chlorite schist formed by the intense shearing of quartz-diorite 
sills; the schists grade imperceptibly into relatively unaltered diorite. The 
sills are intrusive into slates, parallel to their bedding, and have been folded 
and tilted along with the slates. Wedges of schist project into slates, form- 
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ing permeable zones capped by impermeable country rock—a condition pro- 
moting ore deposition, which was discussed above as control by relative 
competency (compare Premier mine, above). Another control is exerted 
by smaller diorite dikes near the hangingwall of the principal ore-bearing 
shear zone. These dikes are 16 to 50 feet thick; they tend locally to split 
and to reunite. Important ore bodies occur at several places immediately 
below the junctions of two dikes, and the dikes at these points are silicified 
and replaced to some extent by the ore minerals, pyrite and chalcopyrite. 

The Gold mines of the Cripple Creek district, Colorado, afford numerous 
examples of dike relations in the localization of ore. The south rim of the 
Cresson blowout is cut by two nearly parallel dikes; the western part of the 
rim intersects a dike of latite-phonolite. Important ore was localized at both 
of these intersections. The two dikes cutting the south rim trend north- 
northeast and are intersected by southeast-trending fissures; it is at these 
intersections that ore-shoots are best developed. As the dikes converge at 
depth, the associated ore pinches out. Other depositional controls by dikes, 
usually involving dike intersections with other structures, are listed below; 
this list is from a summary by Lovering and Goddard (40, p. 301) : 


a) Intersections of sheeted zones with dikes, 

b) Local cross-fracturing near a dike contact, 

c) Dikes acting as “Baffles” to solutions rising along veins, 

d) Dikes re-opening older fissures, permitting better conduction of ore 
solutions. 


In the Alamo gold district, Lower California, numerous parallel basic dikes 
intrude a large body of quartz-diorite. The quartz-diorite itself is host for 
many narrow gold-quartz veins, but these pinch out abruptly in the basic 
dikes. Evidence suggests that the dikes were impervious to mineralizing 
solutions. The solutions moved between dikes, migrating upward along 
fractures, at “a rather flat angle determined by the intersections of the veins 
and the dikes” (44, p. 750-755). 

The quartz veins are mostly less than one foot wide, and occur in shear 
zones in quartz-diorite, dipping about 80 degrees. The veins penetrate the 
dikes for short distances and pinch out abruptly. Moehlman (44, p. 758) 
states: “The presence of the dikes influenced the formation of the vein frac- 
tures. Near the dike contacts, veins generally swing parallel with the 
dikes.” 

The Penokee-Gogebic district of Wisconsin-Michigan is one of the most 
outstanding examples of dike control of ore localization. Here the Ironwood 
formation, the ore-bearing horizon, has an average dip of 65 degrees to the 
north. It is underlain by quartzite, and overlain by a slate formation. 
Numerous dikes of greenstone cut this sedimentary series ; the intersection of 
dikes with bedding generally plunges to the east. This intersection of green- 
stone dikes with equally impervious quartzite and slate layers forms eastward- 
pitching troughs, in which most of the iron deposits have formed by alteration 
of the original iron-bearing sedimentary rock. In some areas in the district 
westward-pitching dikes intersect eastward-pitching dikes, to form “canoe- 
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shaped” basins for ore. Examples of this structure are found in the Aurora, 
Pabst, and Newport deposits (74, p. 235-236). 

Some of the largest silver-gold ores of the Tombstone district, Arizona, 
are associated with nearly vertical dikes of dioritic to granodioritic com- 
position (12, p. 26). At least five such dikes cut Mesozoic (Bisbee group) 
and Paleozoic sediments, in a north-south dike-fissure system. The richest 
ore is found at the contacts of, and within the Contention dike, which oc- 
cupies the only dike-fissure along which notable displacement has occurred. 
The dike is faulted into segments, and ore occurs within these segments where 
brecciation has been extensive. The greatest ore concentrations lie at the 
intersections of the dike with notheast trending fissures, which are post-dike; 
these fissures are deflected by the dike, tending to swing parallel to it near 
the contact. 

The Contention dike is significant in ore localization for two reasons: 1. 
Ore solutions may have been trapped by an inverted trough formed by the 
intersection of the dike with east-dipping, impermeable sedimentary beds; 
2. The dike and adjacent country rock were brecciated more intensively than 
surrounding rock, and provided a superior host for mineralization (12, p. 70). 

Primary Features of Dikes and Sills —In the following section only those 
occurrences are described in which the effect on ore deposition of primary 
features in small intrusions can be definitely distinguished from the effects of 
induced permeability. The importance of primary features is generally masked 
by more obvious secondary, or structural, controls. Primary features of dikes 
and sills are a counterpart to the “stratigraphic” controls discussed in economic 
geology texts. They are treated here as structural considerations because the 
small intrusions are considered structural units within the geologic setting of 
an ore occurrence. 

The effect of impermeable igneous masses on the development of supergene 
ore is shown by the enriched copper deposits of Ray, Arizona (57, p. 151). 
The country rock and host rock for the protore is the Pinal schist ; protore is 
disseminated in the schist as sulphides. The occurrence of ore-grade material 
depends largely on supergene enrichment. In Ray’s No. 3 mine a large, late 
Mesozoic diabase sill intrudes the schist protore. On the upper sill contact 
are numerous seams of gouge—impermeable material which deflected and de- 
tained descending groundwater solutions. Ore-grade material—secondary 
chalcocite—is therefore confined to the schist immediately above the upper 
contact. 

The impermeability of altered felsite sills was important in damming 
rising ore solutions in the Leadville district, Colorado (19, p. 210). The 
ore horizons are the “White” and “Blue” dolomitic limestones. These beds 
are in many places in contact with large porphyry sills, the “White” and 
“Gray” porphyries, which range in composition from muscovite porphyry 
to granodiorite and quartz monzonite. The sills are highly sericitized and 
otherwise hydrothermally altered. The largest sill of “White” porphyry 
reaches a maximum thickness of 1,500 feet. Sulphide deposits in the district 
are massive replacements and stockworks of pyrite, galena, sphalerite, and 
quartz gangue, with some silver content; replacements by magnetite and 
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silicates also occur here. At ten or more points of contact of dolomite with 
the porphyry sills, large “blanket” replacements lie immediately below the sill 
contacts. It is likely that localization along these contacts was the result of 
ponding of rising solutions by the altered, impermeable porphyries. Even 
the magnetite deposits, it is thought, result from the damming of solutions 
rather than being “contact metamorphic deposits.” Secondary permeability 
is not a large factor here; impermeability of the igneous rock due to its 
primary texture, and to its having been sericitized, is a very important factor. 
It is difficult, however, to distinguish the effect of permeability from the 
chemical effect of selective replacement, because the host rock is much more 
susceptible to replacement than the porphyry barriers. 

One of the few ore-dike occurrences that clearly suggests selective re- 
placement as a purely chemical phenomenon is in the Tintic district, Utah 
(39, p. 180). The host rock is mostly impure limestone and dolomite. In 
the older mine workings, vein networks and replacements occur in altered 
monzonite stocks. Pre-ore rhyolite, latite, andesite, and monzonite dikes are 
abundant in the sedimentary rocks; but nowhere have they been replaced 
by ore. The carbonate country rock commonly is replaced right up to the 
dike contacts, but the intrusive rocks themselves are altered and replaced 
by clay, sericite, calcite, and pyrite (the latter in minute, disseminated grains). 
The barrenness of these dikes is interpreted as “indicating the great selective 
power of precipitation by the limestone or dolomite” during replacement by 
galena and enargite and the quartz-barite gangues. 

Cinnabar-quartz veins are broadened and enriched in passing through a 
porphyry dike at the Hardie Mountain mine, B. C. The country rocks are 
Cretaceous volcanics, intruded by a granitic stock. One cinnabar deposit oc- 
curs where “sheeted to brecciated” zones several feet wide cut dikes of aplite 
and a brown feldspar-porphyry dike, probably an altered intermediate rock. 
The aplite and porphyry have been similarly altered, and their feldspar re- 
placed by quartz, but the two dikes show a great difference in the extent 
of cinnabar mineralization. According to Matthews (41, p. 178-179), 


. . the aplite is rarely mineralized for more than a fraction of an inch from the 
nearest quartz vein. Where the sheeted and brecciated zones cut the aplite, 
therefore, the sparingly mineralized quartz is diluted by nearly barren rock. The 
porphyry . . . was very favorable for replacement by cinnabar, and is mineralized 
with as much as 2.0 per cent mercury and to as much as several inches from the 
nearest quartz vein . . . possibly 1.0 per cent mercury may be found across the 
full widths of the zones. 


Field evidence does not make it clear whether chemical composition or 
permeability controlled by texture has caused this difference in cinnabar con- 
tent. Perhaps a difference in original chemical composition might be sought 
to account for this selective replacement. 

In the Malartic Gold Fields mine, mentioned above, “feldspar porphyry” 
dikes are abundant and as highly brecciated as the ore-bearing diorite bodies. 
The porphyry dikes appear to be pre-ore as well, and emplaced and oriented 
similarly to the diorites. Also, the porphyries are abundantly veined by 
quartz; but no ore occurs in the porphyries. It is Halet’s opinion (27, p. 
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873) that “This preference of gold (and pyrite) for diorite must be a chemi- 
cal factor... .” He suggests that the feldspar porphyry dikes may have 
acted as channel-ways for ore solutions, as the ore in the diorite commonly 
increases in quality toward an intersection between diorite and porphyry dikes 
(27, p. 874). 

Initial irregularities in the shape of dikes and sills may be effective in 
creating favorable sites for ore deposition. Granite porphyry dikes and sills 
have figured in this manner as local controls for ore in the Bisbee district, 
Arizona. In the Uncle Sam-Shattuck mine area, the Shattuck and Wolverine 
dikes are flat-dipping and have very irregular extensions following branching 
faults. Lead-zinc mineralization was confined to the fractured rock between 
these two dikes; their irregular extensions were especially important in dam- 
ming and otherwise channeling the ore medium. 

In the Sacramento area of the Bisbee district, embayments of limestone into 
a granite porphyry dike are ore loci where the embayments are cut by sheeted 
zones (60, p. 212-214). 


CONTEMPORANEOUS AND POST-ORE DIKES AND SILLS 


Contemporaneous and post-ore dikes and sills are significant features of ore 
deposits in several respects: 


1. Dikes and sills injected contemporaneously with or slightly after min- 
eralization, under the same conditions of regional stress in which mineraliza- 
tion occurred, are subject to the same structural and dynamic controls that 
localized ore. The dikes and sills may thus serve as valuable guides to the 
underlying causes of ore localization; the probable locus of ore deposition 
may be indicated by the orientation of similarly emplaced dikes and sills. 

2. Dilution of ore deposits has occurred where post-ore dikes in large 
numbers have transected a mineralized area. 

3. Post-ore dikes and sills tend to offset transected veins, mostly by the 
simple widening of the fissure occupied by the dike. It is often important 
to distinguish between dikes occupying faults and those occupying tension 
fractures of no displacement. 

4. The heat effects accompanying the injection of even relatively small 
dikes and sills have in some instances been sufficient to cause important 
mineralogic changes in mineral deposits; a recrystallization and redistribu- 
tion of sulphide ores has been attributed to heat supplied by post-ore dikes. 

Examples of these effects have been noted by several authors, whose work 
is summarized below. 

Similarity of Dike and Ore Emplacement.—Similarities in structural con- 
trol of dike and vein formation are widespread and well-known. A structural 
comparison of dikes and ore veins might be a point of departure for a de- 
tailed study of their possible genetic relationships. No rigorous treatment of 
these problems is given in this section, but the reader is referred to the 
references noted in the chapter on genetic relations. 

The lead-zinc deposits of Pribram, in Central Bohemia, are an outstand- 
ing example of dikes and ore veins responding similarly to regional dynamic 
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and structural controls. The deposits occur in fissures occupied by diabase 
dikes. These fissures represent part of the fracturing of brittle Cambrian 
sediments under regional stresses, which also produced large-scale folding 
and overthrusting in the area. Diabase occupies the centers of the fissures, 
although the walls are lined with ore and gangue (galena, sphalerite, calcite, 
and quartz). Stoces (71, p. 141-142) visualizes the following sequence of 
events in this fissure-filling: (1) Regional deformation of rocks, producing 
fractures, (2) Differentiation and partial cooling of an underlying batholith, 
(3) Cooling and contraction of the country rock and the top of the batholith, 
resulting in the opening of fractures and tapping of the diabase magma, (4) 
Fissure-filling by diabase ; shrinking of the dikes with cooling, and re-opening 
of the fissures, (5) Continued cooling, with injections of 28 generations of 
ores. 

A wide variety of dikes occurs in the Powell-Rouyn mine area, Quebec. 
The ore is in a gold-bearing quartz vein that bears a close relationship to a 
basic dike. Dike and vein lie in granite, along a fracture zone; the vein 
mostly occurs within the dike, paralleling it in strike and dip. According to 
McMurchy (42, p. 744), “the opening filled by the basic dyke was re-opened 
to allow injection of the quartz. Why this particular dyke was favored for 
re-opening, shearing, and injection of material is not clear.” The combination 
of dike and sill maintains a fairly uniform width. Ore seldom occurs where 
the dike is wider than seven feet; in general, points on the dike less than five 
feet wide are favorable for a wide quartz vein and ore deposition. Another 
control seems to be the angle of dip; in the more gently dipping parts of the 
dike, the quartz vein tends to be wider (42, p. 746). 

Frederickson (21, pp. 201-209) has studied the behavior of post-ore 
diabase and basalt dikes in the Union Companion mine, Cornucopia, Oregon. 
The ore deposits there are gold-quartz veins near the gradational contact of 
metasomatic granodiorite with a hornfels derived from greenstone. Various 
structures in the host rock—brecciated zone, sheeting, and jointing—are de- 
veloped in the contact area, and the structures have been deflected in passing 
from hornfels to granodiorite. In the deepest part of the mine, dikes are not 
sharply diverted by sheeting or jointing in homogeneous rock. At inter- 
mediate depths, their attitude is strongly influenced by structure; a steep dike, 
approaching a relatively flat planar element from below, “rolls” into this plane 
of weakness and follows it for a short distance. If the zone is not a strongly- 
developed one, the dike may “roll” out of it and continue upward. Large 
changes in the thickness of dikes also occur upon their encountering planar 
structures. Dikes may pursue an irregular, sinuous upward path after 
passing through such a structure. One economic significance of such dike 
behavior is that dikes commonly converge toward a locus of major ore depo- 
sition, being controlled in emplacement by the same structure that controlled 
the earlier mineralizing solutions. Another consideration is that a dike, 
having rolled into the plane of an ore vein, may undulate in frequent changes 
of strike and dip, locally pinching out against the hanging-wall or footwall. 
Such pinch-outs may be only very local, and the vein may actually recur be- 
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yond the pinch-out as the undulating dike undergoes another change of 
attitude. 

An interesting hypothesis by Wright (78, p. 601) on the control of dikes 
and ore deposition by contemporaneous dynamic pressure was suggested by 
the apparent restriction of gold ore to dike zones at the Homestake mine, 
South Dakota. Noble (47, p. 231), on the basis of later development, con- 
siders this idea untenable. 

Dilution by Post-Ore Dikes and Sills—The following are some of the 
more striking examples noted of serious dilution of ore by post-ore igneous 
injections. In the Homestake mine (78, 47, 48), abundant post-ore rhyolite 
dikes in multiple injections and subparallel systems invade the cummingtonite 
schist host rock. In the Superior mining district, Arizona, and especially the 
Magma mine, basalt dikes dilute and spread apart the ore (68, p. 91). The 
Cornucopia district, Oregon, has ore transected by numerous late diabase and 
basalt dikes (21, p. 201-209). 

The gold deposits of the Northern Empire mine, northern Ontario, are 
cut by a large Keweenawan(?) dike, 400 to 620 feet thick and at least four 
and a half miles long. This intrusion is actually more in the nature of a 
sill, as it is intruded parallel to flat slices of country rock, although it cuts 
the bedding at a steep angle. Emanations from the dike (or sill) caused 
widespread alteration of the wall rock. There is no evidence of stoping by 
the dike, nor of lateral movement along it. Evidently it lifted one-half of 
the ore deposit almost vertically upward. The correct interpretation of this 
effect led to the discovery of the ore beneath the dike (8, p. 392, 398). 

Heat Action by Dikes and Sills —Heat supplied by minor intrusions such 
as dikes and sills is capable of changing significantly the character of ore, 
as may be seen in the summaries below. 

At Butte, Montana, Sales and Meyer (62, p. 813) have determined that 
chalcocite-pyrite ore has been converted tg massive bornite and chalcopyrite 
adjacent to post-ore rhyolite and dacite dikes. The mechanism by which this 
conversion took place is thought to be diffusion and exsolution in the solid 
state. A similar effect has been artificially produced in the laboratory. 
Previous to recent findings, the chalcocite and bornite were thought to 
have occurred either as contemporaneous deposits, or as replacements of 
bornite by chalcocite. The acidic dikes currently thought to have produced 
the thermal metamorphism range in thickness up to 100 feet; they apparently 
“heated the copper ores sufficiently to induce in them all the reactions between 
pyrite and chalcocite that have been generated experimentally” (62, p. 816). 
The heat effects were first noticed where several veins were intersected at a 
steep angle by a rhyolite dike; as the dike was approached, bornite and 
chalcopyrite began to appear in the veins, along with the characteristic 
chalcocite, pyrite, and enargite. An additional effect of the heating was the 
“sweating out” of silver from solid solution in chalcocite, with the result that 
it is found as wire silver near the dike (62, p. 818). 

At the Eustis mine, Quebec (70, p. 335-363), high-temperature ore min- 
erals have formed where pyrite-chalcopyrite lenses are metamorphosed by the 
intrusion of a camptonite dike. This dike, the largest of many lamprophyres 
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cutting the host rock, is 40 feet thick. Pyrite, arsenopyrite, sphalerite, and 
tennantite ore were metamorphosed in a zone about ten feet on either side of 
the dike to a sulfide aggregate in which the high-temperature sulfides, pyr- 
rhotite and cubanite, predominate. As in the case of the Butte ores, ex- 
solution is considered the important process in forming the new sulfides. 

According to Brown (10, p. 690), copper-iron sulfides in the Normetal 
Mine, Quebec, have replaced agglomerate on either side of a large tension 
fracture. Shortly after introduction of these sulfides the fracture was filled 
by a diabase dike. The heat of intrusion melted chalcopyrite close to the 
contact, and new open fractures were filled with the melted sulfide. Also 
the chilled border on the diabase was “serrated” by the fused ore. Brown 
suggests a temperature of 1,150 degrees C. for the heat of intrusion, the 
heat being maintained probably for a long period of time. He refers to the 
experiments of Hawley to verify the possibility of the occurrence of this 
melting. 

The ore bodies of the New Helen mine, Ontario, are replacement deposits 
consisting of siderite in a banded “iron formation.” Pyrite and hematite 
concentrations also occur within the siderite zone, as later replacements. One 
interpretation of the origin of the latter bodies is that they formed as hydro- 
thermal replacements on either side of a diabase dike that intruded the 
siderite. It is suggested that the mineral components were derived from 
the siderite, and that emanations from the intrusion, as well as heated 
meteoric water, acted as a transporting medium for replacement (72, p. 426). 

The only outstanding deposits attributed to contact metasomatism by dikes 
or sills are the Pennsylvania magnetite ores associated with quartz diabase. 
Hotz (30, p. 21-25) gives a summary of their origin in his discussion of the 
Dillsburg deposits. Spencer, in 1908, was the first to propose “contact 
metamorphism” as the origin of iron deposits of the Cornwall type. The 
following features are evidence of such an origin: 


1. Ore bodies at Cornwall, Dillsburg, French Creek, and other localities 
are consistently associated with contacts, both upper and lower, of differenti- 
ated diabase. 

2. The host rocks are limestone conglomerate or marbles, locally intensely 
altered to pyroxene and chlorite where magnetite occurs. 

3. Beside metasomatism, heat-metamorphism took place, producing 
quartzites and argillites from sediments. 


In the Dillsburg area, magnetite lies between two diabase sills, in Triassic 
limestone lenses. In the vicinity of the deposits, they are separated by sedi- 
ments 200 to 300 feet thick. The lower sill is differentiated and is taken 
to be the source of iron-bearing solutions; these may have been concentrates 
of late-stage differentiation. The ore medium possibly resembled that which 
deposited the pegmatite phases and fine veinlets to be found in the chilled 
zone above the central zone of granophyre. It is thought that the upper 
diabase was much thinner than the lower sheet, and cooled more rapidly; 
hence the enclosed sediments were cooler near the upper diabase. The upper 
sheet may also have acted as a barrier to the ore medium rising from the 
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lower sheet. Cooling, and this barrier effect, probably concentrated most 
of the ore near the lower contact of the upper sheet (30, p. 23-24). 


GENETIC RELATIONS OF ORE BODIES TO DIKES AND SILLS 


Excellent textbook summaries are given for the association of particular 
metallic ores with particular igneous rock types. Grout (26, p. 140) graphi- 
cally presents these associations in a general way, distinguishing between 
gravity-segregation and “emanation”-type ore deposits. Buddington (11, p. 
350-385) discusses many conceivable genetic ties between igneous rocks and 
ore, and includes some examples of relations of dikes and sills to ore bodies. 
He presents some semi-quantitative idea of the prevalence of certain kinds 
of mineralization with particular rock types. He also lists four criteria by 
which a genetic relationship might be established between igneous rocks and 
ore deposits: observed spatial distribution, coincidence in time of emplace- 
ment, gradation from igneous rock to mineralization, and world-wide associa- 
tion of certain rock types with types of mineralization. 

In the case of small or subordinate intrusions such as dikes and sills, the 
problem exists of whether the ore deposits were derived from the smaller 
mass, or from a deeper-seated intrusion of which the smaller mass is an off- 
shoot. Buddington points out that “metalliferous solutions may wander far 
from the parent magma... in such cases . .. the dikes associated with 
(mineralization) may have no demonstrable genetic relation” (11, p. 352). 


Gradations from Igneous Rock to Ore 


Magmatic Segregations.—Sill-like or sheet-like gabbros and norites, with 
associated pyroxenites, hornblendites, and anorthosites are hosts for ilmenite- 
magnetite deposits in many localities. Such deposits are generally thought 
to be the result of segregation from the parent magma. 

An example of dike-like masses or vertical pipes of magnetite-ilmenite are 
those of the Bushveld complex, South Africa (Bateman, 6, p. 421). These 
are platinum-bearing pipes cutting norite; they consist of pyroxenite, dunite, 
and hortonolite-dunite, with magnetite-ilmenite and chromite. Platinum is 
concentrated at the centers of these pipes. 

Buddington (11, p. 363-368) mentions the following ore deposits as re- 
sulting from early segregations of magmatic constituents in the form of dikes 
and sills: Magnetite-apatite dikes cut gabbro-monzonite at Kamloops Lake, 
B. C. (80, p. 7-8). High phosphorus-titanium “nelsonite” dikes are as- 
sociated with syenite, in Amherst and Nelson Co.’s, Virginia. All gradations 
are observed between these ilmenite-apatite dikes and gabbro (76). Iron- 
copper sulfide dikes are associated with gabbro and diabase dikes in the 
Caledonian ranges of Norway. These deposits are “thought to represent true 
magmatic injections”; very little gangue is associated with the sulfides. 
But Buddington considers that “the question may be raised . . . whether the 
hydrothermal solutions . .. are associated with the gabbro or... come 
from a deeper-seated magma chamber where differentiation had formed more 
varied rock facies than are exposed at the surface. . . .” 
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Buddington has also found fifteen associations of chalcOpyrite, pentlandite, 
and pyrrhotite with norites and ultra-basic differentiates in sheets, dikes, and 
lenses. The altered gabbro of the Purcell sills in the Beltian rocks of Idaho 
serves as the best example of ilmenite-magnetite occurrences in relatively small 
sill-like intrusions (2, p. 593). The Allard Lake ilmenite deposits, Quebec 
(28, p. 634-649) occur as both dikes and lenses in anorthosite. 

Aplites and Mineralization. That “aplites,” “red rock” or granophyre” 
in many occurrences represent late injections seems well established. Some 
dikes termed aplites and associated with mineralization may not be the result 
of magmatic injection, but of hydrothermal activity intimately related to 
metallization. Bastin (4, p. 715) believes that the “red rock” occurring with 
cobalt-nickel replacements in the Nipissing diabase of Ontario can be assigned 
such an origin. In the Gowganda and Elk Lake camps, Bastin notes aplites 
so intimately associated with ore minerals that “it must be regarded not merely 
as paralleling the mineral vein but as constituting an integral part of it.” 
He lists observed transitions from aplite to diabase, a characteristic sequence 
of mineral replacements, and abundant sericite and calcite in the aplite as 
evidence for such an origin. These dikes are especially related to iron- 
copper metallization, and subordinately to introduction of cobalt, nickel, and 
bismuth. Bastin concludes that the diabase itself was certainly not a source 
of mineralizing solutions, and that these solutions came from a deep source, 
which may or may not have been the same as that of the Nipissing diabase. 


Time-Relations of Dikes, Sills, and Ore 


Buddington (11, p. 375) finds that those dikes and sills which are more 
or less contemporaneous with ore deposition are generally of the intermediate 
to silicic types. He divides dike-rocks in general into two varieties: those 
differentiated from the magma which formed the “parent” intrusions and 
those which are “undifferentiated,” or similar in composition to the parent 
body. 

Undifferentiated Dikes and Sills—Dikes of dioritic to monzonitic com- 
position are almost invariably pre-ore. In districts where igneous and 
hydrothermal activity have been recurrent in cycles, a renewal of inter- 
mediate injections may occur; but such cases are the exception rather than 
the rule. 

Differentiated and Undifferentiated Diabase——The term diabase, as used 
in the literature, is often misleading because it is used with a variety of 
meanings and sometimes without needed qualifiers. Buddington (11, p. 360) 
has found that few mineral deposits occur with “undifferentiated” diabase— 
diabase lacking abundant quartz, olivine, or a granophyre facies. This barren- 
ness of simple diabase may be due to the fact that it occurs only where there 
is small volume and relatively rapid chilling. The literature nevertheless 
contains many references to simple diabase associated with ore. 

The large mining districts of the Precambrian shield contain numerous 
large post-ore diabase dikes, and many diabase dikes that are pre-ore or of 
questionable age. The Kirkland Lake mines, all the mines of the Porcupine 
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district, and the Malartic mines are only a few examples of this nearly 
ubiquitous association. Post-ore diabase in the belt of gold-quartz deposits 
in Oregon and California are another example of a consistent time relation- 
ship. The Cornucopia district, Oregon, illustrates this association. Osten- 
sibly contemporaneous diabase injection has occurred with the lead and zinc 
ores of Pribram, Bohemia, as will be discussed below. 

Differentiated diabase, occurring with important deposits of worldwide 
distribution, seem to be largely pre-ore. Generally the dikes and sills them- 
selves are mineralized. The following are some examples of this association : 


1. Gold-sulfide-quartz veins are spatially related to differentiated diabase 
sheets or sills in British Guiana, in the Purcell sills of Idaho, and in the Belt 
rocks of Montana. 

2. Olivine diabase, as well as other differentiated varieties occurs as pre- 
ore sills with the important copper, lead, zinc, silver, and gold deposits of 
Arizona. The San Manuel, Castle Dome, Ray-Miami, Superior, and Globe 
districts are all characterized by thick diabase sills or dikes. 

3. The quartz-diabase sills of the Palisades intrusions in eastern North 
America have associated native copper and copper-iron sulfides, as well as 
magnetite. These dikes are mainly pre-ore. 


Differentiated Dikes and Sills—Buddington (11, p. 376) summarizes in 
the following manner the common time relations of ore to aplitic and alkali- 
rich dikes and sills: 


The aplitic, alaskitic, and sodic or alkali-rich facies may form as much as 5 or 
10 per cent of the exposed intrusives and are thought to be formed by residual 
magma, relatively rich in volatiles at the source of origin. Mineralization is, in 
general, younger than these rock types; and if metalliferous deposits are genetically 
related to residual magmatic solutions, it seems reasonable to assume that the 
metals may be concentrated to a marked extent in such residual submagmas, and 
mineral deposits may be related, at least in: part, to them. Correlations of min- 
eralization with such subordinate siliceous, sodic-siliceous, or alkalic facies, have 
been made in a number of areas, but more evidence is needed on its quantitative 
importance as compared with solutions from the main magma body. 


Albitite and other albite-rich dikes represent differentiated facies of diorite 
to quartz monzonite intrusions in many localities, notably in a zone from 
southeast Alaska and British Columbia to California. Many gold-quartz and 
sulfide veins are associated with these sodic dikes, which are contemporaneous 
or pre-ore. 

Pre-ore syenite dikes are common in the San Juan, Colorado ore deposits, 
with gold-quartz, silver, and lead. These, as well as the phonolites near 
Lead, South Dakota, are probably related to quartz-monzonite intrusions (11, 
p. 377). Syenite dikes are abundant and structurally important at Cripple 
Creek, Colorado, and in many other ore localities. 


Summary of Genetic Relations 


1. Kinds of Dike-Rock.—Almost all conceivable kinds of dikes occur in 
mineral districts. Diorites (probably largely quartz-diorites and grano- 
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diorites) and diabase (generally differentiated) are of significantly more com- 
mon occurrence than more acidic types. If the intermediate dike rocks are 
grouped together as a general class, however, they out-number all other 
classes in their association with ore deposits. LLamprophyres and aplites are 
more restricted in occurrence than intermediate rocks and diabase. True 
rhyolites are comparatively rare, but occur in several notable ore-bearing 
districts. 

2. Relative Ages——Dike injection is largely pre-ore. Intermediate dike 
rocks are almost invariably pre-ore, and generally follow a consistent pattern 
of increasingly acidic injection. Diabase dikes are mostly late pre-ore, but 
post-ore diabase is characteristic of many gold-quartz districts. Several oc- 
currences show a very close time-relationship between diabase injection and 
mineralization. Lamprophyres are probably the most closely connected in 
time with hydrothermal activity; their age in many cases is problematic; and 
in many ore districts, notably those surrounding the Idaho batholith, pre- 
ore and post-ore lamprophyres occur together. The very alkaline-siliceous 
dikes, such as alaskites, albitites, and aplites, are the types that appear most 
commonly to be post-ore; even aplites may be regarded largely as con- 
temporaneous with mineralization, and are not infrequently pre-ore. Rhyolites 
are probably second in importance to aplites and diabase as post-ore dikes. 

3. Dikes and Sills as Sources for Ore Solutions.—Dikes and sills are 
generally unimportant as sources of mineralizing solutions. Ore deposits 
within dikes and at their contacts have generally been shown to be structurally, 
rather than genetically, related to these deposits. 

4. Primary Ore Minerals in Dikes and Sills —Early magmatic segre- 
gations of magnetite, ilmenite, chromite, and platinum are the most im- 
portant commercial deposits of metallic minerals in the form of igneous dikes 
and sills. Primary sulfides are in a few cases concentrated in gabbroic, and 
less commonly in syenitic dikes and sills; these are not generally commercial 
deposits. 

5. Relationships of Dikes, Sills, and Ore to a Common Source.—Budding- 
ton has outlined the problem of finding the true genetic tie between igneous 
rock and ore, as outlined above. Suggestions have been advanced advocating 
similar formation of lamprophyres, aplites, and ore veins. The lamprophyres 
and aplites referred to a hydrothermal origin may differ considerably from 
those described in unmineralized areas; probably no one mode of origin can 
be ascribed to all dikes termed “lamprophyres” and “aplites.” 


Problems in Dike-Ore Relationships 


Several problems worthy of further research have become apparent in 
this review of the literature on the general topic of dikes, sills, and ore bodies. 
Although an attempt has been made to evaluate the relative importance of 
rock types with types of mineralization, more data and first-hand information 
are needed to make a substantial correlation between dike rocks and the 
associated ores. Certain compositional terms, such as “diorite” and “diabase”’ 
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are used very loosely ; they fail to describe composition sufficiently to be useful 
in such correlation. 


The nature of the preference of certain ores for certain dikes as host rocks 
should be studied in greater detail. The relationship between diabase and 
the Arizona base metal ores is a significant and unsolved problem, as is the 
preference of gold ores for diorite host rocks in many Canadian shield mines. 
The close association of albite and gold has been given some treatment, but 
surely detailed laboratory work would throw more light on the problem. 

The fact that many veins are comparable in shape, size, and structural 
relations to associated dikes and sills might serve as a starting point for study- 
ing, through dikes and sills, the mechanisms of vein emplacement. 

In general, the fundamental petrologic problem of the mutual relation- 
ships of dikes, sills and ore to larger associated “parent” intrusions is still 
perplexing. The modern approaches in petrology and petrography should be 
persistently applied in ore districts, even where they have no immediate ap- 
plication in development and exploration. 


523 East 51st Sr., 
INDIANAPOLIS 5, INDIANA, 
Feb. 17, 1955 
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GERMANIUM CONTENT OF SOME 
NOVA SCOTIAN COALS 


J. E. HAWLEY 


ABSTRACT 


Spectrographic determination of the germanium content of nine seams 
in the Sydney Coalfield, Nova Scotia, shows an average of .004 percent 
in the ash or 5 g/ton in the coal as a whole. Smaller quantities are pres- 
ent in two other seams, the St. Rose and Port Hood. 

As in several other studies germanium has been found in greatest 
concentrations in top or bottom petrographic intervals of most seams. 
Lateral variation is also indicated in three seams sampled over lengths 
ranging from 2.8 to 26 miles. Some examples of enrichment in intervals 
close to shale partings are given, but this relation is not constant. In 
some instances a comparison is made between germanium and organic 
banded constituents, iron sulfide and zinc content of the coal. Some 
concentration is noted with vitrain, fusain and clarain. Examples are 
found also in which high iron sulfides and/or zinc accompany higher 
germanium content but the relation is not invariable. 

Determinations on seamlets below or at the base of main seams, and 
on thin “Rider” seams above, show higher than average concentrations 
of germanium, and within some of these the percentage varies as in the 
major seams. 

The Nova Scotian coals compare well with other Pennsylvanian coals 
of Ohio, West Virginia and Kentucky and are somewhat higher in ger- 
manium content than those from Pennsylvania. 


INTRODUCTION 


DETERMINATIONS of the germanium content of the ash of eleven Nova Sco- 
tian coal seams were made in the course of a spectrographic study of their 
trace elements and major constituents, details of which are being reported 
elsewhere. Here, it is proposed to deal only with the occurrence of ger- 
manium and a few of the associated metals. 

Nine of the seams studied are in the Sydney coalfield, all of which, accord- 
ing to W. A. Bell (2-4), are contained within upper Pennsylvanian strata 
known as the Morien or Pictou group. These outcrop along the northeastern 
coast of Cape Breton Island, with sinuous strike lines due to post-Pennsylvanian 
folding and erosion, and dip seaward. The group has been subdivided into 
three time-rock units on palaeontological evidence, the Lloyd Cove, Harbour, 
Backpit, Phalen and Lower Jubilee seams occurring in the upper unit, the 
Emery, Gardiner and Mullins in the middle and the Tracy seam in the lower 
or oldest. 

The two other seams studied, the St. Rose and Port Hood, outcrop on the 
west coast of Cape Breton, northeast of Inverness. These are considered to 
be the same age, Riversdale, and are older than the seams of the Sydney field. 
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TABLE I 
SAMPLES OF COAL FROM SYDNEY COALFIELD 
Column No. es Total 
Seam sample locali- samples thickness Remarks 
no. ties intervals inches 
Lloyd Cove II-3 1 12 90 Bore hole sample, Point Aconi 
(youngest) 
Harbour IvV- 3 3 27 216.32 | IV-—3, exposed for many years, sam- 
-12 pled 1948 underground, not sub- 
—22 marine 
IV-12, 22, freshly mined coal from 
submarine workings 
Backpit- VI- 1 9 55 396.5 Locations No. 6, 5, 13, from small 
Blackrock -2 prospect pits 
- 3 No. 3, 1, 4, from cliff section; affected 
-4 by salt water spray 
- 5 No. 8, 2, freshly mined coal, under- 
- 6 ground samples, not submarine 
- 8 No. 10, underground tunnel, seam not 
-10 mined, submarine 
-13 
Phalen VII-2 3 37 168.47 | No. 2, fresh coal, underground, not 
-3 submarine 
-4 No. 3, outcrop-cliff section, No. 4, 
fresh coal, submarine 
Lr. Jubilee VIII 1 5 13.5 From cliff section; affected by salt 
water spray 
Emery IX 1 5 28.3 Fresh‘ coal underground, not subma- 
rine 
Gardiner x 1 15 65.8 Exposed for many years under ground, 
not submarine 
Mullins XI 1 14 66.6 Prospect Pit, Victoria Mines 
Tracy XII 1 12 63.4 Underground, not submarine, freshly 
(oldest) | mined coal, total height 70.3 inches 

















Samples were obtained through the kind cooperation of Dr. P. A. Hacque- 
bard, Coal Research Division, Geological Survey of Canada, Sydney. Sample 
preparation and most of the spectrographic determinations were made by Miss 
Y. Rimsaite, research assistant. Later check analyses were carried out by 
Graham MacDonald in our laboratory. For still further checks on some 
samples, R. J. Traill, Geological Survey, Ottawa, made analyses by X-ray 
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fluorescence methods, and we were fortunate in having the valued assistance 
of Miss Taisia Stadnichenko and her associates of the United States Geological 
Survey, in securing the analysis of one relatively rich sample (Harbour Rider 


bed IV-24-blocks 3 and 4) by spectrographic methods described in U.S.G.S. 
Circular 272. 


COAL SAMPLES 


Samples of nine seams from a total of twenty-one localities in the Sydney 
coalfield include available material from all individual petrographic intervals 
or divisions studied by Dr. P. A. Hacquebard in polished sections. Actual 
sampling methods are described in detail by Dr. Hacquebard (6) and need 
not be repeated here. As the locations of samples vary considerably from 
submarine workings in fresh coal to exposed tunnels, prospect pits, and cliffs 
affected by salt water spray, the details of each locality and the number of 
interval samples are given in Table I. 

The St. Rose and Port Hood are represented only by character samples 
from freshly mined coal, from underground, the latter of which is from sub- 
marine workings. All told 186 samples were analyzed. 


PREPARATION OF COAL ASH 


Five to ten grams of finely ground coal from each of the small blocks avail- 
able from petrographic intervals were placed in aluminum trays and introduced 
into a cold electric furnace and ashed at 400° C. Depending on the type of 
coal and size of sample, time of ashing varied from 24 to 48 hours. 

Though in general the resulting ash was red or grey in color and free of 
carbon and tar, a few cases were noted, as in samples from the Tracy seam, 
where the ash remained black and sticky, even after a long ashing period. 
Such samples, after briquetting with graphite and sparking, burned with a 
yellow flame. It is possible quantitative results of these are less accurate 
than for other samples more completely ashed, though results stated in ppm 
of total coal are not directly affected by residual carbonaceous matter in the ash. 

The relatively low temperature used for ashing was considered advisable 
in view of the differences in opinion regarding losses of germanium, and pos- 
sibly other volatile elements, at higher temperatures (12). Following the 
work of Tucker and Waring (13), however, one experiment was carried out 
to check the effect of temperature of ashing on the determination of ger- 
manium. Ashing of one sample at 800° C was found to yield an ash with 
practically the same content of germanium as was found on ashing the same 
coal at 400° C. Aubrey and Payne (1) on the other hand have indicated 
that while there is no significant loss of Ge from coal ashed at 400° C, a loss 
of up to 20 percent Ge is found when coal is placed directly in the furnace at 
900° C, 

Percentage ash in each sample has been determined and the weighted aver- 
ages of ash for each of the individual seams calculated. Prior to spectro- 
graphic analysis, the ash of each sample was ground in agate mortars to a 
fine homogeneous powder. 
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In order to determine any variation in concentration of elements in coaly 
matter, as compared with mineral matter of a given interval, a sample from 
the Lower Jubilee Seam (VIII-1) interval II, was first separated into light, 
medium, and heavy fractions with a heavy liquid (diluted tetrabromo-ethane) 
of specific gravity 1.797. After washing and drying these fractions were ashed 
in the same manner as others. 


ANALYTICAL METHODS 


A spectrographic method was first designed to yield quantitative data on 
twenty-seven elements including germanium from one set of excitation condi- 
tions. As these elements vary greatly in volatility no high degree of accuracy 
is to be expected. The general method of analysis used on all samples is a 
high voltage spark, 10,000 volts, 5 amp, R.F., supplied by a high precision 
Appliance Research Laboratories source with an inductance of 360 micro- 
henries, on 14 inch diameter pellets prepared in a mold at a pressure of 500 
pounds. These were made from samples of uniformly ground ash mixed with 
equal quantities of pure briquetting graphite to which 0.2 percent rhodium 
black had been added as an external standard. 

Each ash was analyzed in quadruplicate, two exposures being made over 
the low ultra-violet range 2200-3900 A and the other two over the higher 
range of 2800-4500 A. Analytical lines of elements lying within the range of 
2800-3900 A (covering two useful lines of germanium) were thus available 
on all four runs. 

Analyses were made on a 2-meter spectograph with a 36,600 line per inch 
grating, giving a dispersion in the lst order of 3.5 A. Twenty-second expo- 
sures were made with a gap of 2 mm and slit set at 60 microns. Flat topped 
pellets were sparked against a hemispherical tipped counter electrode. Spec- 
trum analysis Film No. 1 was used throughout. Transmittance measurements 
were made on a film comparator-densitometer and intensity ratios calculated 
on film emulsion calibration curves prepared by the two step filter method. 
Full background corrections were made. 

Preparation of Standards.—Standards for germanium were prepared in 
several ways using germanium oxide (99.9% purity, A. D. MacKay Inc., New 
York) and, in other cases, Applied Research Laboratories Standard No. 104, 
with first rhodium and later bismuth as an external standard. 

(a) With rhodium as external standard, germanium oxide, and pelleting 
graphite, were mixed, the germanium content being successively diluted with 
graphite-rhodium mixture to give several base standards. These were then 
added to two separate lots of coal ash obtained from fusain rich coal (sample 
IX-1) and durain rich coal (XII-2-IX) to cover ranges from .005 to 0.1 
percent and from .001 to 0.10 percent germanium, respectively. A third set 
of standards covering the range from 0.1 to 1 percent were also prepared in 
fusain ash. 

Line pairs used to establish working curves were Ge-3039.06 and 3269.49 
with Rh 3399. For samples low in iron, Ge 2651.57 was found suitable and 
for those low in both iron and chromium, Ge 3124 was used for the higher 





GERMANIUM CONTENT OF NOVA SCOTIAN COALS 521 


percentages. Interference of Fe and Cr with the latter line in some samples 
however led to some incorrect determinations in the higher ranges. 

Check points were determined on working curves by additional standards 
prepared with Applied Research Standard No. 104 containing .005 mg Ge 
per mg and gave good agreement. 

Spectrographic conditions used with these standards were of the high volt- 
age spark type, given above. 

(b) With bismuth as external standard, added in the form of sodium bis- 
muthate, base standards were prepared as above and later mixed with a coal 
ash (sample VI-5-VII) of low germanium (.006%) content, to yield stand- 
ards containing 0.05 to 0.6 percent Ge and 0.5 percent bismth. A second set 
was also prepared to yield .006-0.05 percent germanium in which bismuth was 
kept at 0.25 percent. 

Excitation conditions were dc arc on pellets (2.5 amps, grating 24,400, 
64% transmission, No. 2 filter over Bi-6134, 20 second exposures) and in 


TABLE II 


COMPARISON OF GERMANIUM DETERMINATIONS BY DIFFERENT METHODS 























Percentage germanium in coal ash 
Sample no. : “ . 
Rhodium Bismuth G.S.C. US.GS 
standards standards X-ray (acaiay 
(spark) (de arc) fluorescence 
Lloyd Cove II-3-I 0.2! } 0.065 0.06 _— 
Harbour IV-24.R-4 0.4 0.17 ua | — 
IV-24.R-3 and 4 0.62 0.134 0.146 | 0.168 

Backpit VI-1-I .027 0.022 — — 
Backpit VI-V-VIII .006 0.008 _— —_ 





' Result in error due possibly to Fe or Cr interference on Ge line. 


? High result in part due to germanium-bearing marcasite in this sample and possible inter- 
ference. 


%’ Separate sample of same seam, ashed by U.S.G.S. 
‘ Identical samples. 


order to eliminate any possible interference from other elements, second order 
spectra were read for Ge 6538 and 6078, and Bi 5796. 

These curves and conditions were used to check some determinations made 
with rhodium as an external standard for both low and high ranges. 

For still further checks on certain ash samples which yielded surprisingly 
(and incorrect) high results on the rhodium standards, X-ray fluorescence 
methods were used by R. J. Traill under the direction of Dr. S. C. Robinson, 
Geological Survey of Canada. One sample (Harbour Rider bed IV-24- 
blocks 3 and 4) was also analyzed in the laboratory of the United States 
Geological Survey through the kindness of Miss Taisia Stadnichenko, by meth- 
ods described in U.S.G.S. circular 272, involving de arc excitation and the 
use of pegmatite-base comparison standards. 

Except for some exceptionally high germanium determinations obtained 
using the rhodium method which are in error in part due to line interference 
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and in part to variations in samples, one of which contained appreciable 
germanium-rich marcasite, the reasonably good agreement between the dif- 
ferent methods of analysis is shown in Table II. 


ANALYTICAL RESULTS 


Analytical results for germanium and fourteen other elements in the ash 
of Nova Scotia coals have been determined for over 180 specimens as per- 
centages of ash for each petrographic interval at 23 different sample localities. 
Weighted averages, in parts per million, in both ash and in coal plus ash have 
then been calculated for each sample locality on individual seams, and finally, 


TABLE III 


COMPARISON OF TRACE ELEMENTS IN COALS, COAL ASH, AND IGNEOUS ROCKS 
(g/ton or parts per million) 

















Average in Sydney coalfield 
Average in rich Averee te 
soniet coe aa In ash In coal Tocks? 
ppm-Range ppm-Range 

Be 300 14 2 (1-2) 6 
B 600 148 (52-220) 17 (6-25) 3 
V 340-7 20° 120 (61-244) 14 (7-28) 150 
c& 180-3004 45 (18-79) 5 (2-9) 200 
Mn 290-540? 1200 (165-2200) 140 (9-254) 1000 
Co 300 87 (26-196) 10 (3-34) 23 
Ni 700 131 (52-645) 15 (6-74) 80 
Zn 200 218 (115-550) 25 (13-64) 132 
Ge 500 44 (9-70) 5 (1-8) 7 
As 500 900 (280-2300) 100 (33-270) 5 
Sr 560 (225-750) 65 (76-87) 300 
Mo 200 60 (18-105) 7 (2-12) 15 
Sn 9 (4-18) .« 1 (15-2) 40 
Ba 300 (18-2200) 35 (2-257) 250 
Pb 100 575 (2112-1050) 66 (25-120) 16 














1 Mason, B., Principles of Geochemistry (1952), p. 209—after Goldschmidt, for ‘‘rich"’ coals. 

2? Rankama and Sahama, Geochemistry (1950), p. 39-40. 

3 Chemistry of Coal Utilization, Vol. 1, 1945, p. 491 (after Zilbermintz, V. A., and Rusanov, 
A. (1936)—average range in Russian coal ash. 

4Anal. Chem., Vol. 22, Hunter, R. G., and Headlee, A. J. W., West Virginia Coals—Mar. 
1950. 


weighted averages in ppm have been obtained for each seam. The total thick- 
ness of coal sampled is over 1100 inches. 

The average content for fifteen elements in coals from the Sydney coalfield 
is given in Table III in which a comparison is made with the average content 
of “rich” coal ash, after Goldschmidt and others, on the one hand, and igneous 
rocks on the other. This indicates the Sydney coals are especially enriched 
in manganese, arsenic, lead, barium and strontium, have the equivalent of zinc, 
compared with “rich” coal ash, but are much lower than these in content of 
Be, B, V, Cr, Co, Ni, Ge and Mo. Comparing the amounts in Sydney coals 
(coal plus ash) with those in the average igneous rocks, the coals are notably 
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impoverished in all but B, As, and Pb while germanium is about the same in 
both. 

Germanium Content of Individual Seams.—The average germanium con- 
tents of the nine seams sampled in the Sydney coalfield and of the St. Rose 
and Port Hood seams are given in Table IV. Analyses of some rider seams 
are excluded from the averages given. 

The nine Sydney seams average 5 g/ton Ge in total coal (coal plus ash). 
Of these the Backpit and Lower Jubilee seams are richest, with 8 g/ton, fol- 
lowed closely by the Emery with 6, while the Lloyd Cove and Tracy, the 
youngest and oldest, respectively, are lowest in germanium content. The 


TABLE IV 


GERMANIUM IN Nova Scotia COALS 









































No. g/ton or Avg. % 
Saws Average Localities samples Avg. ash ppm Ge Ge in 
rote thickness sampled in all % in total ash 
| intervals coal (calc.) 
Sydney Coalfield 
Lloyd Cove 90” 1 12 10.74 1 -0009 
Harbour 72" 3 26 5.60 3 -005 
.007! 
Backpit 44” 9 55 15.80 8 -005 
Phalen 56” 3 37 10.02 1.6 .0015 
Lower Jubilee 9" 1 5 22.27 8 .003 
Emery 28.3” 1 5 12.60 6 .005 
Gardiner 65.8” 1 15 9.99 3 .003 
Mullins 66.6”" 1 14 8.35 2 .002 
Tracy 63.4/72 1 12 10.96 1 -0009 
Average of 9 seams | 21 | 181 11.48 | 5 .004 
Other Areas 
St. Rose character 2 (.001) 
Port Hood samples 3 (.002) 








1.007% Ge average in ash of Harbour seam, including sample IV-3-R-I. 
2 Total thickness 70.3 inches. 


Port Hood and St. Rose seams are similar in germanium content to the Gardi- 
ner and Mullins seams with 3 to 2 g/ton, respectively. From quantitative 
data on thirteen other elements and semiquantitative results on (still) thirteen 
others, to be described elsewhere, there is no constant, obvious correlation to 
be made between average germanium content and that of any other element, 
nor with the total ash percentage of each seam. 

Lateral and Vertical Variations in Coal Seams.—The Backpit, Harbour 
and Phalen seams were sampled at various localities. Nine samples of the 
Backpit seam cover a lateral distance of over 26 miles, three of the Harbour 
seam, 6 miles and three of the Phalen, 2.8 miles. Other seams were sampled 
at only one locality. 
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Variations within the Backpit seam, both laterally and vertically, are given 


in Table V. 


Laterally, this seam is richer in germanium at both the south- 
eastern and northwestern ends than in the central section. 


Variations in the 


Harbour seam, Table VI, show the western sample No. 3 to be richest in ger- 


manium while the other two are relatively poor in this element. 


No marked 


variation in the germanium content of the Phalen seam is apparent, its average 
content ranging only from 1 to 2 ppm. 
Much more striking, however, are the vertical variations in germanium 


in practically all seams. 


of samples 5 


In the Backpit seam, Table V, with the exception 
, and possibly 10, the upper and lower, one or two petrographic 
intervals show distinctly greater quantities than intermediate intervals. 


This 


is also true of the Harbour seam, samples 3 and 22, Table VI, but sample 12 


TABLE V 


GERMANIUM IN BACKPIT SEAM 








Parts per million 



































l | at 
Locality. . N.W. | | | S.E. 
Sample no... 6 zs 5 8 2 1 4 10 13 
— a | | 
Interval | | | 
VIII ns | ns | ns 15 | 6 ns | ns ns ns 
— ee ee ee eee ee ee ee ee ee ee ix «= « —— om = a: — oe lee oe ae oe jes as as as aslas = « es ee ee 
: | : } ; 
parting | parting | | parting | | 
| im ow } 6" | 
ee: a ene -~------|----|------|-----|-----|-----|----|----|---- 
VII 14 | 4 |15 |} — | o8 | 144 | ns | ns | 8 
caetery é’ nae bake pee ee oe 7 oe ei gpae ws a iis are : i 
| parting | | | 
| 0.6” | 
ee ee ee ee ee Ais eS ae era eee 
VI 18 ns | 10 |= | o6 | 3 | s | ms | 5 
ee ieee } -—-|----*|---~-|-----|- ---|----|----- 
| | parting | parting 
| 0.1’7| a 
V 2 2 2 — | 1 2 1 |10 | 1 
| | | parting 
Y 4.2” 
— <—- << oe oe ow oe Oe cole oo oe oe oe « _- = - -_—— - — ae an) = = << « | as - =- a ——— «= 
IV 3(P<1")| o |14(P4| — | 04 | 2c] 2 | 6 2 
III 8 | 54 | 36 ;— | 1 | s | 19 | 10 1 
ry si py yee aes At Pei: as, ‘4 = | a 5 AD te ae? “it ag ee ee 
parting | | 
II 76 ns | ns lL — | Ss 26 | 53 11 2 
I ns ns | ns | 15 | 34 37 | 36 17 29 
a | SE oe Pen 
Wt'd avg. 11 | 7 |10 | 3 oe OF ee Se ee 
Av.% ash | 15.4 | 22.6 | 19.3 16. 13.8 | 15.6 | 12. | 17. | 15.1 
Total inches | 44.6 57.6 | $7.7 5 





| 25.8 ‘bam 





Weighted average—all samples—8 ppm Germanium. 


ns = no sainple; P = parting interval IV, samples No. 3, 6, 5, 1 parting within interval. 
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TABLE VI 
HARBOUR SEAM IV 
ee N.W. S.E. 
Sample no......... 3 12 22 
Interval Parts per million—Germanium 
parting 19”’ 
VIII 14 6 10.0 
VII 5 2 0.5 
VI 1 — — 
V 1 — _— 
IV 1 (half bone — _— 
coal) 
III 2 — _— 
II 4 — — 
parting 4.3’ 
I 94(?) 0.3 5.0 
Average Ge 8 0.6 1.4 
% Ash (av.) 5.6 4.34 8.0 
Inches 70. 64.3 78.88 














shows higher values only at the top. The latter holds also for samples 2 and 
4 of the Phelan while sample 3 of this seam shows greater quantities in both 
top and bottom intervals. Table VII shows a similar distribution in the 
Gardiner seam, both upper and lower intervals being decidedly richer in ger- 
manium, but this is less clear in the very similar Mullins seam with which 
the Gardiner may be correlated. In neither case can any correlation be made 
with percentage ash in each interval. A similar distribution can also be shown 
for germanium in the Lloyd Cove, Emery, Lower Jubilee and Tracy seams 
and is indicated by the percentages found in ash of the upper or lower inter- 
vals of these seams, as indicated in Table VIII in which are shown only the 
analyses of the richer intervals of all seams. As noted by Stadnichenko et al. 
(8, p. 5-6) this relationship of enrichment of germanium in top and bottom 
portions of coal beds regardless of ash content is general though not invariable 
and has been noted by many other investigators.’ 

A somewhat similar relation also exists in many of the seams for lead 
and arsenic, particularly in the Lloyd Cove, Harbour, Backpit, Phalen, Gardi- 
ner, Mullins, and Tracy seams, though again, as for germanium, a few excep- 
tions do occur where intermediate intervals are enriched in these elements as 
well as the top and/or bottom or both. The Lloyd Cove and Harbour seams 
also show a similar enrichment in zinc, as do three seams in manganese and 
five seams in nickel and cobalt, so that this behavior for germanium does not 
appear altogether unique in the Nova Scotia coals. (Complete analyses of 
these seams will appear elsewhere. ) 


1 Headlee, A. J. W., and Hunter, R. G. (1951), were the first to indicate this relation. 
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The relationship of germanium to partings within coal seams, indicated 
by Hunter and Headlee (9), and supported by an example by Stadnichenko 
et al., receives some confirmation by analyses of some of the Nova Scotian 
coals but the relationship is by no means constant. The best example is per- 
haps found in the Tracy seam (6) in which the highest germanium (.036% 


TABLE VII 


GERMANIUM IN GARDINER AND MULLINS SEAMS 
(g/ton or ppm) 









































Gardiner Mullins 
Interval 
Inches % Ash Ge ppm Inches % Ash Ge ppm 

XXII ns 1.5 14.70 2 
XXI 3.1 7.84 8 2.9 13.10 1 
XX 9 11.23 11 6.9 7.30 1 
XIX 1.7 14.70 7 ns _— ns 
Parting 
XVIII ns ns 3.3 13.48 1 
Parting 14.0 4.0 

XVI 1.7 33.40 3 $.2 15.15 2 
XV 4.7 8.90 3 a 10.00 3 
XIV 13.2 4.86 1 10.9 7.53 3 
XIII 3.2 28.00 3 ns — ns 
Parting 0.4 

XII 2.7 12.00 1 3.1 5.25 2 

XI 2.0 10.70 1 1.9 8.50 1 

x 3.0 9.18 1 2.0 8.28 1 

Ix 1.5 4.30 0.5 1.4 6.10 2 
VIII 10.5 6.90 3 14.7 5.18 3 
VII 6.4 7.40 1 6.0 3.37 6 
Parting (0.2) (0.75) 

Vv 3.9 10.59 12 3.8 17.78 5 
Parting (0.7) (0.4) 

III 1.3 22.80 5 ns —_— ns 
Parting (0.8) 

I ns (1.7) ns 
Wt'd Av. 65.8 9.99 3 66.6 8.35 2 
(ns = no sample.) 

of ash) is found in interval II, directly below a grey shale parting. In sam- 


ples 6 and 5 of the Backpit seam, however, a parting of 1’—4” occurs within 
interval IV. Germanium is relatively high in this interval in sample 5 but 
not in sample 6. High concentration in interval II, sample 6, lies below a 
0.4 inch parting as does that of interval VII, sample 1, but other examples of 
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partings in this seam are not accompanied by any marked concentrations above 
or below them. The same is generally true for the Gardiner and Mullins 
seams (Table VII) in both of which three partings occur near the base and 
also within the central part of the seam. 


TABLE VIII 


GERMANIUM CONTENT 
(Main seams in Sydney coalfield showing richest intervals) 












































G Intervals with highest % Ge in ash 
Ppm Ge RE e Range % 
Seam total (weighted in : 
coal average) Ash Interval Inches % = - 
Lloyd Cove II 1 .0009 nil-.065 II—1-I* 8.5 :065 
II-1-XIV 5.5 .0076 
Harbour IV 4 .007 nil-.20 IV-3-I 3.3 -20(?) 
IV-12-VII 10. -0064 
IV-22-VIII te -0045 
IV-22-Bb 4.0 -004 
Backpit VI 8 .005 nil-.08 VI-1-VII 2.4 -005 
VI-1-III 6.9 .007 
VI-1-II 3.5 .029 
VI-1-I 2.6 .027 
VI-2-I f .022 
VI-3-III 3. -030 
VI-4-III 7.2 -050 
VI-4-II 5.6 -080 
VI-5-IV 6.1 -007 
VI-S-III 2.3 .013 
VI-6-II 1.3 .040 
VI-8-I 7.1 -008 
VI-8-VIII 3.8 .004 
VI-10-I 2.7 .006 
VI-10-III 6.5 -008 
VI-10-II 3.2 -008 
VI-13-I 10.3 .038 
Phalen VII 1.6 .0015 nil-.04 VII-2-XIV 10. .005 
VII-3-X1IVa 5.4 .030 
VII-3-I 3.8 .004 
VII-4—-XIV 9.7 -040 
Lr. Jubilee VIII-1 8 .0036 -001-.02 VIII-1-I 3.3 .020 
Emery IX 5 .004 -001-.017 IX-1-I 1.4 .017 
Vv 7.7 .009 
Gardiner X 7 -0003 .001-.01 X-1-XXI 3.1 .010 
X-1-V O11 
Mullins XI 2 -0002 .001-.016 XI-1-VII 6.0 .016 
Tracy XII-1 1 .0009 nil-.003 XII-1-II 6.7 .003 
XII-2 nil XII-i-I 1.1 -002 
XII-3 nil 
Average of 9 Sydney 5 -004 0-.08 
seams (weighted) 























* II-1-I, seam No. II, locality No. 1, interval No. I (lowest). 
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TABLE I 


x 





BANDED INGREDIENTS AND GERMANIUM IN HARBOUR SEAM, SAMPLE IV-3, 
IN PETROGRAPHIC INTERVALS 















































- 
138; | tnches| 25, | vierain| Glan] arin Clare: Ipyean| ruin] Semi | Impure] % Cs lpom Ce 
VIII 6.6 | 30.80 14 16 —_— 43 25 —_— — | 2 .005 14 
VII 13.8 4.26 26 59 5 2 2 3 3 |,— O11 5 
VI 10.1 2.26 21 48 7 9 5 5 5 — -004 1 

Vv 8.3 2.00 | 33 57 5 3 1 1 — — .003 1 
IV 5.2 3.47 20 26 2 34 12 5 1 — .002 1 
III 21.1 1,98 38 $1 2 2 1 4 2 — .008 2 

Ii 1.6 | 11.86 12 5 — 66 17 — — — 004 4 

I 3.3 3.78 | 48 12 36 — _ 2 2 | —_— .25(?)| 94(?) 

| 
(Banded ingredients after Dr. P. A. Hacquebard.) 


Variations in Germanium with Organic 


Matter and Sulfides in Coals—A 


relation has been shown to exist in other coals between the concentration of 
germanium and the banded organic ingredients such as woody coal or vitrain 
as compared with fusain, according to Stadnichenko et al. (12), who cite 
Ratynskii (1946) and Horton and Aubrey (1950). 

The organic content of intervals of the various Nova Scotian coals, stated 
in terms of vitrain, fusain, clarain, claro-durain and durain, has been deter- 
mined by Dr. Hacquebard and associates. 
samples from the Backpit and one from the Harbour seam have failed to show 
any clear relation between the percentages of these constituents and ger- 


TABLE 


A preliminary examination of two 


x 


PERCENTAGE MACERALS AND GERMANIUM 


(Harbour Seam Sample IV-3 in Petrographic Intervals) 








Interval | Vitrinite! 
VIII 43 
VII 80 

VI 68 
V 84 
IV 49 
Ill 80 
II 45 
I 84 











Exinite! 


19 


~ 























| Ge 
Micrinite'| Fusinite! | Shale! Bi é — 
Upper figures 
| Lower figures 
| 
} _——EE —— 
. | | 
7 3 18 10 14 
| .005 
5 4 1 3 5 
O11 
8 8 2 2 1 
-004 
3 2 _ 3 1 
.003 
12 11 1 2 1 
-002 
6 3 1 2 2 
.008 
18 2 2 2 4 
-004 
2 1 1 7 94(?) 
| oa 
| | 








1 Determined by Dr. P. A. Hacquebard and Associates. 


ppm in coal 


-F in ash 

34 

O11 
10 

.024 
12 

.055 
10 

-050 
12 

.035 
20 

.100 
30 

.025 
36 

.095 
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manium or other trace elements. Table IX illustrates this for the Harbour 
seam. In this it may be noted the highest germanium in interval I, com- 
pared with other intervals, is associated with the highest percentage of vitrain 
and of dull clarain. Germanium contents of intervals VII and III, however, 
are not proportional to the amounts of these ingredients. 

Table X shows the percentages of Macerals in the same seam and these 
may be compared with the percentages of Ge and Zn, in the ash. Here again 
we see that though the three highest germanium concentrations coincide with 
high percentages of vitrinite, interval V is also high in vitrinite but relatively 
low in germanium. 

TABLE XI 
ANALYSES OF LIGHT-MEDIUM-HEAvyY FRACTIONS OF COAL 
Lower Jubilee Seam (VIII-—1) 
Interval II 
Parts per million of Ash 




















Average* | “Enriched” 
Light Medium Heavy (not coals 
| | fractionated) | average 
| | | | 
Percent 57.45 | 33.7 8.85 100 (Goldschmidt 
fraction } & others) 
| 
| 
% Ash 9.7 15.1 65 25.7 | 
Ge 24 46 nd | 15 500 
Be 23 41 2 23 300 
Zn 180 250 90 100 200 
Pb 760 600 | 1400 | 300 100 
Vv 115 200 23 | 80 340 
Cr 100 90 nd } 33 180 
Mn 100 920 450 | 180 290 
Co 160 170 400 | 200 300 
Ni 350 220 610 | 440 700 
Mo 63 58 61 58 200 
As 600 440 700 | 410 500 
B 40 90 nd | 15 
Sr 220 300 nd 200 
Ba tr tr 2850 | 1550 

















nd—not detected. 
* Similar to, but not identical with fractionated sample. 


In still other samples as of fusain from the Emery seam which averages 
6 ppm Ge, this material yielded an ash with not more than .001 percent Ge 
whereas durain from the Tracy seam, averaging only 1 ppm as a whole, gave 
an ash with no detectable Ge. On the other hand interval II of the Tracy 
seam which contains .036 percent Ge in ash is described by Hacquebard (8, 
p. 298) as being composed dominantly of clarain, practically devoid of opaque 
matter, though relatively high in pyrite. From this it is apparent that all 
fusain does not necessarily show a marked enrichment in Ge, and that vitrain 
and clarain may be equally good hosts for germanium in these coals. 

To test further the possibility of the concentration of germanium in the 
organic as compared with the inorganic, ash-forming constituents, No. II in- 
terval of the Lower Jubilee seam was fractionated into light, medium and heavy 
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portions with a heavy liquid of specific gravity 1.797. The results of analyses 
of the ash resulting from these fractions are given in Table XI which shows 
very clearly the greatest quantity of germanium in the medium fraction, about 
half as much in the lightest fraction and no detectable germanium in the heavy 
fraction. It is of interest to note also the somewhat similar distribution of 
beryllium and zinc in these fractions. 


TABLE XII 


GERMANIUM CONTENT 
Rider Seams Sydney Coalfield 

































































| 
Seam Location } Inches % Germanium in ash 
Lloyd Cove | II-3-1 Bottom 4” above grey | 4” 0.06-0.065% 
pavement, Dom. No.7 Colliery- | (Zn =.2%, As .76%) 
Sydney Mines 
7.6% ash 
43.6% volatiles 
48.8% Fixed Carbon 
Harbour IV-3-1R-19.1" above a shale| 3.12’ | block 4 0.05% 
parting block 3, 4 0.17-0.20 
Ya 0.13-0.16 Zn 0.15 
IV-24R, 12’ above Harbour seam, blocks 1, 2 .001 
Dom. No. 26 Coll. in No. 1 Deep 
Weng, Getonwe. 
Harbour IV-17R 74’ above upper bench | blocks 1, 2 .009% 
Harbour Seam. 9” thick, east | blocks 3,4,5 .005 
shore Great Bras D'Or Channel | | blocks 6, 7 .006 
Harbour IV-19—Bottom bench Harbour] 19A | blocks 1, 2 .001 
seam, cliff sect’n East shore blocks 3, 4 .008 
Great Bras D’Or Channel 19B blocks 5. 6 .007 
| block 1 014 
Harbour IV-20 Seamlet, 28’ below IV-19 | block 1 tr 
Cliff section blocks 2, 3 013 
(Zn-0.2%) 
Backpit VI-12R 12’ above Backpit, start .005 
of tunnel between Dom. No. 2 
and 20 collieries | 
Backpit Vlia—2 Seamlet 63’ below Back- blocks 1, 2 .007 
pit, Westshore Sydney & Har- blocks 3, 4 .010 
bour; equivalent of rider seam blocks 5, 6 O11 
above Phalen seam 








On the other hand, the intervals showing highest content of germanium, 
particularly as stated in ppm of total coal, are those with the highest pyrite 
(or marcasite) (Table X). Such an association has been confirmed to some 
extent by qualitative analyses of marcasite from a rider bed above the Harbour 
seam, in which germanium yielded distinct lines. In the same table the rela- 
tion of zinc to germanium and iron sulfides is given. Though top and bot- 
tom intervals of Harbour IV-3 sample show high zinc, germanium and iron 
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sulfides, interval II also is high in zinc but lower in germanium and iron sul- 
fide. The germanium, accordingly, cannot be directly related to zinc distri- 
bution, and as shown by light fractions in the Lower Jubilee (Table XI) it 
is clearly not related to any heavy minerals such as iron sulfides. 

Germanium Content of Rider and Basal Seams.—Determinations on one 
of the rider seams lying 12 feet above the Harbour seam, locality 24R, yielded © 
a relatively higher amount of germanium than most of the other samples and 
an amount comparable to that found in the bottom interval of Harbour 3-I. 
Accordingly, other rider seams as well as seamlets occurring below or at the 
bottom bench of other seams were tested. The results are given in Table XII. 

Of the samples analyzed, the Harbour IV-24R rider seam is the only out- 
standing one, while the bottom 4 inches of the Lloyd Cove seam, locality 
(II-3), is well above average. Both of these occurrences are associated. with 
relatively high zinc (0.20-0.15%) in the ash. 

Within these rider seams or seamlets the analyses, however, show rather 
distinct variations in germanium in either the top or bottom blocks, similar to 
the distribution in the major seams themselves. 


DISCUSSION—-GERMANIUM IN ASH OF THE MAIN AND RIDER SEAMS 


The weighted average of germanium in the ash of nine seams in the Sydney 
coalfield is 0.004 percent, Table IV. Of these the Harbour, Backpit and 
Emery are the richest with an average for the ash of each of the entire seams, 
sampled at three localities, of 0.005 percent over an average thickness of 72, 
44 and 28 inches, respectively. If a three inch rider seam lying 19 inches 
above Harbour IV-3 sample is included in the Harbour seam, the average 
germanium in this seam is .007 percent of the ash. 

The percentages of germanium in relatively thin rider and basement seams 
range from .001 to about 0.20 in ash, but only those of the Harbour and Lloyd 
Cove are above average with amounts in the first and second decimal place 
(Table XII). 

These figures compare well with those for Pennsylvanian coals from Ohio, 
West Virginia and Kentucky as given by Stadnichenko et al. (12) and are 
somewhat above those reported from the state of Pennsylvania. On the other 
hand they are well below analyses reported by the same source, on lignites 
of Cretaceous age. 

On this basis it would appear that insofar as the terrain from which the 
Pennsylvania sediments and soils were derived, bears on the germanium con- 
tact of the Nova Scotian coals, this differed little from that contributing to 
the germanium content of other Pennsylvanian coals in the United States. 

From an economic point of view it is clear that to obtain the coals richest 
in germanium attention should be directed to top and bottom intervals of the 
seams and to some of the thin “rider” seams or those below. Some concen- 
trations of germanium can also be effected by sink and float methods, but in 
view of the disparity between quantities in these bituminous coals and younger 
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lignitic beds, they cannot be considered as a very favorable source of this 
metal. 


QUEEN’s UNIVERSITY, 
KINGSTON, ONTARIO, 
Feb. 15, 1955 
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A FIELD METHOD FOR THE DETERMINATION OF 
AMMONIUM CITRATE-SOLUBLE HEAVY 
METALS IN SOILS AND ALLUVIUM? 
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ABSTRACT 


The experimental details, and supporting data, of a field method using 
an ambient temperature aqueous ammonium-citrate solution to extract 
heavy metal ions from soil and alluvium, and a xylene solution of dithizone 
to determine the concentration of the heavy metal ions, are given. The 
method is extremely rapid because the aqueous and xylene solutions are 
simultaneously added directly to the sample and no heating is required. 
The method usually gives a positive test with soils or alluvium containing 
100 parts per million of combined copper, zinc and lead and is well adapted 
to field use because analyses may be made as rapidly as the samples are 
collected. 


INTRODUCTION 


SERGEEV (14), Hawkes and Lakin (4), and Huff (6) have shown that the 
geochemical search for metalliferous ore deposits depends largely upon the 
detection of either, (a) the primary anomaly that is found in unweathered 
rock near the ore body, or (b) the secondary anomaly, which may be found 
in weathered rock, soil, alluvium, vegetation or water near ore, and which is 
produced by weathering and other processes acting upon the ore and country 
rock of the primary anomaly. 

The U. S. Geological Survey has been developing sensitive chemical field 
tests to aid in revealing these anomalies. Field methods have been described 
for the rapid determination of copper by Lovering, Huff, and Almond (10) ; 
of lead by Almond and Morris (1) ; of zinc by Lakin, Stevens, and Almond 
(9) ; of heavy metals by Huff (7); and of copper, lead, and zinc by Bloom 
and Crowe (2). Most of these tests are described by Lakin, Almond, and 
Ward (8). 


1 Publication authorized by the Director, U. S. Geological Survey. 
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These field methods are designed to permit relatively large numbers of 
determinations to be made rapidly and inexpensively. About 60 to 100 analy- 
ses per man-day can be made for copper, lead, zinc, or heavy metals, with a 
precision of approximately + 30 percent and a sensitivity of 50 parts per 
million. A preliminary treatment of the sample by either hot acid digestion 
or fusion is followed by a colorimetric estimation of the metal. 

A field method even more rapid and simple than these would be most useful 
to a field geologist engaged in geochemical prospecting. The method de- 
scribed here permits him to make a rapid evaluation of his sample at the 
sample site. The need to mark sample locations, pack, and ship samples to 
a laboratory for analyses may be eliminated. Inaccessible areas may often be 
assessed in a single trip, making a return visit unnecessary. The time thus 
saved makes for more efficient field work. 

As metal salts are sometimes dissolved by the complexing action of acetate 
or citrate compounds, agricultural scientists have obtained certain correlations 
between available nutrients and the amounts dissolved by an acetate solution; 
techniques as applied to agricultural problems are outlined by Lunt, Swanson, 
and Jacobson (12). In geochemical prospecting Lovering, Sokoloff, and 
Morris (11), in their study of primary halos in rock, use a cold acetate ex- 
tractant on finely crushed rock samples to remove only those heavy metals 
presumably related to mineralization, not the total metal content of the rock. 
Chisholm (3) described a method of analyzing soil material by shaking it in 
water and then determining the heavy metal content of the water with dithi- 
zone. This method was used in a study of zinc, copper, lead, and gold min- 
eralization near Kenora, Ontario. 

Dithizone will react with many elements, including copper, lead, and 
zinc, from an ammonium citrate solution at a pH of 8.5. Wark (15) reports 
that dithizone in a solution of chloroform reacts with the following metals at 
a pH of 8.3: copper, lead, zinc, cobalt, silver, tin (II), iron (II), and 
manganese. 

Carbon tetrachloride and chloroform are the two most common solvents 
for dithizone though both are heavier than water. Xylene has been shown by 
Warren, Delavault and Irish (16) to be a satisfactory solvent for dithizone 
and it has the desirable feature of floating on an aqueous surface. 

The heavy metals were extracted from a soil sample with a cold ammo- 
niacal citrate solution in the presence of dithizone dissolved in xylene. After 
a short vigorous shake the xylene above the aqueous phase varies through 
green, blue, purple, red or brown as the amounts of heavy metals increase. 
The method usually gives a positive test with soils or alluvium containing 100 
parts per million of combined copper, zinc, and lead and is well adapted to 
field use because analyses may be made as rapidly as the samples are collected. 
Subsequent analyses of a number of suites of samples revealed that many 
secondary geochemical anomalies could be outlined by this simple procedure. 

Nonbreakable polyethylene wash bottles are suitable containers for these 
solutions and are easily carried in a carpenter’s apron. A soil sample is placed 
in a glass-stoppered cylinder, appropriate amounts of reagents are added by 
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squeezing the polyethylene reagent bottles, the cylinder is vigorously shaken, 
and the colors read. About a minute is required for a determination. 
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REAGENTS 


Water. All references to “water” refer to metal-free water, usually ob- 
tained by passing it through a resin demineralizer. Frequently stream water 
of low heavy-metal content may be used. 

Dithizone (diphenylthiocarbazone). Reagent grade. 

Dithizone in carbon tetrachloride, about 0.01 percent. (This is used for 
purifying solution A.) Dissolve approximately 0.01 gram of dithizone in 
100 ml of carbon tetrachloride about 12 hours before using. 

Dithizone in xylene 0.01 percent stock solution. Prepare a stock solution 
by dissolving 0.01 gram of dithizone in 100 ml of xylene approximately 12 
hours before using. 

Dithizone in xylene 0.003 percent work solution. Prepare a work solu- 
tion of 0.003 percent by diluting 30 ml of the stock solution to 100 ml with 
xylene. The strength of the work solution may be further diluted to 0.001 
percent if greater sensitivity is desired. 

Dithizone solutions should be as fresh as possible when used. Vials con- 
taining 0.01 g dithizone should be prepared before leaving for the field to 
facilitate the preparation of fresh solutions. If the dithizone solutions de- 
velop yellow hues, the reagent may have deteriorated. (See xylene.) 

Potassium cyanide, 5 percent. Dissolve 5 g of potassium cyanide in 100 
ml of water. As it is difficult to remove traces of cyanide from glassware with 
water, it is preferable to set aside certain cylinders for lead determinations 
only. This reagent is extremely poisonous and should be handled with care 
and never allowed to come in contact with acid. 

Carbon tetrachloride, ACS grade. 

Chloroform, ACS grade. 

Xylene, ACS grade. Occasionally a manufacturer’s best grade of xylene 
may be unsatisfactory, as indicated when fresh dithizone solutions take on 
yellow hues, caused by the oxidation of the dithizone (13). The presence of 
these oxidation products can be verified by adding 5 ml of the dithizone solu- 
tion to a cylinder containing approximately 10 ml of about 0.02 N ammonium 
hydroxide solution. Shake the cylinder vigorously and permit the phases to 
separate. The unoxidized dithizone is soluble in the basic aqueous solution 
and imparts an orange color to the aqueous phase, whereas the yellow (oxi- 
dized) products remain in the organic layer. If yellow products are present 
in the xylene, the xylene should be discarded or distilled. As xylene is highly 
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inflammable, the distillation flask of the still should be heated electrically rather 
than by an open flame. Grades of xylene other than ACS should be dis- 
tilled before using. 

Solution A. Dissolve 25 g of ammonium citrate and 4 g of hydroxylamine 
hydrochloride in about 300 ml of water. Add concentrated ammonium hy- 
droxide until the solution has a pH of about 8.5, as indicated on pH test paper, 
and dilute to 500 ml with water. Remove heavy metals by extracting the 
solution with about two 15-ml portions of 0.01 percent dithizone or until the 
final color of dithizone is green. Wash the aqueous solution with 25-ml por- 
tions of chloroform, until the chloroform is colorless. 

pH test paper, range pH 2 to pH 10. 


APPARATUS 


2 Glass-stoppered cylinders, borosilicate, 100-ml capacity. 

6 Glass-stoppered cylinders, borosilicate, 25-ml capacity. 

2 Wash bottles, polyethylene, 16-oz size. 

1 Wash bottle, polyethylene, 8-oz size. 

1. Lucite scoop. A lucite bar, about 1% in X % in X 3 in, drilled at one 
end to contain about 0.1 g of minus 80 mesh soil. This sample size is 
only approximate. 

2 Reagent bottles, borosilicate or polyethylene, 1-liter capacity. 

2 Reagent bottles, borosilicate or polyethylene, 500-ml capacity. 

1 Dropping bottle, borosilicate, 125-ml capacity. 


PROCEDURE 


Place one scoopful of sample (preferably fine fraction) in a 25-ml glass- 
stoppered cylinder. Add 5 ml of solution A, 1 ml of 0.003 percent dithizone 
solution, and shake vigorously for 5 seconds. Allow 30 seconds for the layers 
to separate and observe the color of the upper (xylene) layer. If the color is 
green, green-blue, blue, or blue-purple, record as 0, 4%, 1, or 114 ml, respec- 
tively. If the color is purple to red, titrate with about 1-ml increments of 
dithizone solution, shaking for 3 seconds after each addition, until a blue- 
purple color is obtained. Record the volume of dithizone solution as an index 
of the heavy-metal content. 

The identity of the predominating metal causing colors beyond blue may 
be determined by the following tests : 

Lead.—To a cylinder containing a fresh sample add 3 drops of potassium 
cyanide solution, 1 ml of both dithizone solution and solution A, and shake 
vigorously for 5 seconds. Should the original color in the xylene layer per- 
sist, the heavy metal in the sample is lead. 

Copper.—Use about 1 g of sample instead of 0.1 g; add 1 ml of dithizone 
and 5 ml of solution A to the cylinder, and shake vigorously for 5 seconds. 
A brown color in the xylene layer, which will turn to wine purple upon the 
addition of more dithizone, indicates a predominance of copper. 
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TABLE 1 
METAL CONTENT OF SOIL COLLECTED ALONG WEST TRAVERSE ACROSS MALACHITE VEIN, 
JEFFERSON CouNTy, COLorRADO (6, TABLE 10a) 


Analysts: J. H. McCarthy, Jr., and H. E. Crowe, 
U. S. Geological Survey. 











Sample no. | Location Genera test brary | Cold extraction 
1 Hillside above vein | 50 14 
2 | 50’ downhill 80 2 
3 | 100’ downhill 100 2 
4 150’ downhill } 200 | 5 
5 } 200’ downhill, over vein 2,000 | 20+ 
6 250’ downhill 800 12 
7 300’ downhill 400 7 
8 350’ downhill 300 6 
9 400’ downhill 200 4 

10 450’ downhill 100 5 
11 550’ downhill 300 4 
12 650’ downhill 500 6 








Zinc.—If neither lead nor copper is identified, the original color may be 
assumed to be caused by zinc. 


DISCUSSION 


This test has application only to those soils and alluvium whose metallic 
salts are known to be extractable in basic citrate solution; its use has not been 
established for rock. Data obtained by this procedure are meaningful only 
in the comparison of similar sample types, such as soils with soils, alluvium 
with alluvium. Where anomalies of low magnitude are sought, one may find 
this method inadequate. 

In Tables 1 through 4, a comparison is made between the data obtained 
by the general heavy metal test devised by Huff (7), and that obtained by the 
cold citrate extraction. In each comparison the secondary geochemical anom- 


TABLE 2 


METAL CONTENT OF Sort SAMPLES COLLECTED NEAR IRON KING VEIN, IRON KING MINE, 
YAVAPAI County, ARIZONA (6, TABLE 4) 
Analysts: J. H. McCarthy, Jr., and H. E. Crowe, 
U. S. Geological Survey. 





Sample no. Location poms pened | ye Poe 

1 Ridge crest above vein 1,500 14 
2 | 20’ downhill 2,000 | 20+ 
3 | 40’ downhill 3,000 12 
4 60’ downhill 5,000 20+ 
5 80’ downhill, just below vein 4,000 20+ 
6 100’ downhill 10,000 20+ 
7 | 120’ downhill 5,000 15 
8 | 140’ downhill 1,000 6 
9 180’ downhill 800 5 

10 220’ downhill 600 6 

















METAL CONTENT OF SoIL SAMPLES COLLECTED NEAR UNNAMED VEIN, 
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TABLE 3 





PorTER’s GROVE RANGE, Iowa County, WISCONSIN, (6, TABLE 3) 


Analysts: J. H. McCarthy, Jr., and H. E. Crowe, 
U. S. Geological Survey. 














Location Wwe 2 n 

1 Hillside above vein 400 6 

2 50’ downhill 400 6 

3 100’ downhill 400 7 

4 150’ downhill 700 12 

5 200’ downhill, over vein 3,000 20+ 

6 250’ downhill 1,500 20+ 

7 300’ downhill 1,500 20+ 

8 350’ downhill 1,000 12 

9 400’ downhill 800 18 
10 450’ downhill 1,000 19 











aly in the soil is clearly outlined. In the general test referred to in these 
tables, the samples were digested in aqua regia and then estimated colorimet- 
rically. The copper, lead, and zinc metals as a group are reported in parts 


The samples used for this study are cuts of the same samples used by L. C. 
The reader is referred to that paper for details of geology and 
additional analytical data pertaining to these samples. 

The columns entitled “Cold extraction, dithizone (ml)” refer to the num- 
ber of milliliters of 0.003 percent dithizone that was used to titrate to a blue- 
The selection of a blue-purple color as an end point in the titra- 
tion is an arbitrary one. The author now prefers to titrate to a blue rather 
than the blue-purple end point; others may like a gray or purple. The im- 
portant thing is that the same end color should be used in any comparative 


TABLE 4 


METAL CONTENT OF Sort SAMPLES COLLECTED NEAR A SMALL COPPER VEIN 


IN Pra County, ARIZONA (6, TABLE 6) 
Analysts: J. H. McCarthy, Jr., and H. E. Crowe, 
U. S. Geological Survey. 




















Location eet ies | Sipe 
1 Top of hill 200 5 
2 10’ downhill 150 6 
3 20’ downhill, just below small 500 12 
copper vein 
4 30’ downhill 900 13 
5 40’ downhill 600 13 
6 50’ downhill 600 14 
7 60’ downhill 800 10 
8 70’ downhill 700 9 
9 90’ downhill 600 7 
10 110’ downhill 500 10 
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TABLE 5 
METAL CONTENT OF ALLUVIUM FROM THE JUDITH MOUNTAINS, MONTANA, 
SAMPLES COLLECTED By L. C. HuFF 


Analysts: J. H. McCarthy, Jr., and H. E. Crowe, 
U. S. Geological Survey. 





























| 
Cold extraction 
(A) 
Laboratory analysis, ppm as 
Sample no, | (B) (C) 
ae Color with heavy TR oo (D) 
metals test (1 mi | Dithizone (ml) | Cojo with lead 
Cu Pb zn | 2 0.003 percent | ere Color test 
dithizone) | 
| ete 
1 80 750 | 200 | Deep red 6 Deep pink 
2 70 50 | 200 Deep purple 3 Green 
3 30 200 250 Deep red + Blue purple 
4 10 10 100 Blue green (1) Green 
5 | 30 50 150 Deep red 24 Blue green 
6 130 1,200 500 Very deep pink 11 Very deep pink 





A reported value of 20 plus means that more than 20 ml of dithizone was 
required and that the blue-purple end point was not actually reached. 

The Malachite vein in Jefferson County, Colorado (Table 1), contains iron 
and copper sulfides and minor amounts of zinc. Samples were collected down 
a steep hillside across the unexposed vein. Identification of copper by obtain- 
ing the brown-colored dithizonate in the cold extraction test was made. 

The Iron King vein, Yavapai County, Arizona (Table 2), is an example 
of a high lead and zinc vein with moderate copper. The soil is very thin 
and lacking in organic matter. 

The Unnamed vein at Porter’s Grove range, lowa County, Wisconsin 
(Table 3), contains lead and zinc sulfides. The soil cover averages about 2 
to 3 feet in depth and is a humus-rich silt loam at the surface. 


TABLE 6 
METAL CONTENT OF ALLUVIUM FROM JEROME, ARIZONA, 
SAMPLES COLLECTED By L. C. HurFr 


Analysts: H. E. Crowe, and J. H. McCarthy, Jr., 
U. S. Geological Survey. 





























Cold extraction 
( 
Laboratory analysis, ppm 
™ B) " 
Sample no. (I (C) 
rebel Color with heavy tehs (D) 
metals test (1 ml wit te {ml) Color with lead 
| 7 of 0.003 percent | ®°CGed for olue- test 
Cu Pb Zn dithizone) purple color 
1 45 20 110 Red purple 1.5 G 
2 50 15 70 Purple 1 G 
3 50 15 55 Red purple 1.5 G 
4 500 130 280 Brown 3 Blue purple 
5 1,000 610 850 Brown 10 Deep pink 
6 250 120 240 Brown 24 Purple 
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The Unnamed copper vein, Pima County, Arizona (Table 4), is about 1 
foot wide and is covered by a thin and rocky soil. The vein is not considered 
of commercial importance because of its small size. 

The alluvium samples in Table 5 have been gathered from the Judith 
Mountains area in Montana (Huff, written communication). They have 
been analyzed (column A) by the laboratory method of Holmes (5). The 
first cold extraction using 1 ml of 0.003 percent dithizone yielded the colors 
that are tabulated in column B, and the amount of dithizone required to give 
blue-purple is given in column C. The results of the specific lead test in col- 
umn D show samples 1 and 6 to be high in lead. 

The alluvium samples in Table 6 have been gathered from the vicinity of 
Jerome, Arizona (Huff, written communication). Here again the laboratory 
analysis is by the Holmes method (5). Diagnostic copper colors are revealed 
by the first extraction (column B). 


CONCLUSIONS 


A very rapid field test based upon a cold extraction technique may be used 
to test soil or alluvium at the sample site. Under favorable conditions it may 
permit geologists working entirely in the field to locate and outline geochemi- 
cal anomalies. The need for collecting large numbers of samples and marking 
many sample locations may be eliminated. The cold-extraction test may 
therefore expedite geochemical prospecting. 


CHEMISTRY DEPARTMENT, 
CoLorAbpo SCHOOL oF MINEs, 
GOLDEN, COLo., 
Feb. 7, 1955 
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DISCUSSION 


CONCENTRATION OF URANIUM BY CARBON COMPOUNDS 


Sir: The discussion by Franc R. Joubin in Economic Groxocy of our 
paper “Widespread Occurrence and Character of Uraninite in the Triassic 
and Jurassic Sediments of the Colorado Plateau,” in this JourRNAL, vol. 50, 
p. 233, 1955, raises a question which has been in many minds in the last few 
years. Is the carbon responsible for the precipitation and reduction of ura- 
nium minerals of liquid or gaseous origin, or derived from more complex 
carbon derivatives including resins (bitumens)? The evidence in unmeta- 
morphosed sediments from the Permian to late Tertiary is overwhelmingly 
in favor of complex carbon compounds that originated by the decay of plants. 
The writer has not seen one single deposit—and most if not all geologists 
will confirm this statement—that does not contain evidence of the influence 
of plant or animal fossils. The very common replacement of cell walls by 
reduced uranium minerals, which later may be oxidized to yellow minerals, is 
in itself fair proof that the uranium had a strong affinity for cellulose or what 
was with the cellulose. 

It is true that the material we have been calling asphaltite shows no wood 
texture and, therefore, gives us no direct clue as to its origin. But it is found 
with “trees” as a rule, from which it could have been derived. The name 
asphaltite does not imply any origin from asphalt. The material could have 
been called, for what we know about it now, bituminite. To attribute its 
origin to gaseous or liquid hydrocarbons as Davidson and Bowie ' have done 
meets with the difficulty that oil, where it is found with carbonized plants and 
asphaltites as, for example, at Temple Mountain, Utah? contains only traces 
of uranium. Studies underground show that the dividing line is very sharp 
into oil-bearing, nonuraniferous masses and asphaltitic ores. Of course, there 
are areas where oil has come into contact with asphaltite and plant fossils, 
but there is no visible gradation or union between them. Pyrite or marcasite 
is always in the plants as well as in asphaltite. The writer knows of no 
uranium ore that does not contain iron sulfide in addition to varying amounts 
of the usual trace elements. Vanadium is highly variable, however, and is 
found in or outside of the carbonaceous material. 

Mr. Joubin points out that graphitic carbon does not have any influence 
on the precipitation of uranium. When one considers the chemical inertness 
of graphite, this is not surprising. If the graphite were of organic origin and 

1 Davidson, C. F., and Bowie, S. H. U. (1951), On thucholite and related hydrocarbon- 
uraninite complexes: Bul. Geol. Survey Gt. Britain, No. 3, p. 1-19. 

2 Hess, Frank L. (1922), Uranium-bearing asphaltite sediments of Utah: Engineering and 


Mining Journal, vol. 114, p. 272-276. Gruner, J. W., Gardiner, Lynn and Smith, Deane K., 
Jr. (1953), Annual Report RME-3044, U. S. Atomic Energy Commission, p. 14-18. 
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the uranium had come into contact with the carbon compounds before meta- 
morphism, there could be association. This reasoning may be applicable to 
the Proterozoic deposits of the Algoma-Blind River District of Ontario, 
though it is very doubtful whether the complex Ti-U-Th-rare earth oxide 
brannerite which occurs there, would have formed with the aid of organic 
carbon. Thorium, in particular, does not go easily into solution as U does 
and for this reason the deposits in sediments are singularly free from Th. 
All the “‘pitchblende” vein deposits are also very low in Th which goes to 
show that more than a hot aqueous solution is necessary to produce the nu- 
merous strange minerals containing both Th and U as essential constituents 
that are commonly found in pegmatites. 

Polymerization of gaseous or liquid hydrocarbons by a bombardment 
originating from radioactive sources is well known but this should be.a 
gradual process. If it occurs in nature it should start from relatively simple 
molecules and lead to giant ones; therefore, through liquids to more and more 
condensed systems and ultimately to asphaltite or thucholite. But there is no 
field evidence that this gradual process goes on today as it should since there 
are hydrocarbons and plenty of uranium minerals in contact with these gases 
and oils available. 

Davidson and Bowie believe that the “thucholite” surrounding minute 
grains of uraninite * in the Witwatersrand ores is a product of such polymeri- 
zation and, according to them, is later than the uraninite. Proof for such an 
origin is difficult to find in metamorphosed rocks. On the other hand, there 
is incontrovertible evidence now that carbonaceous matter of organic origin 
has been the best collector (probably ion exchanger) of uranium in the past. 

Joun W. GRUNER 

UNIVERSITY OF MINNESOTA, 

MINNEAPOLIS 14, MINNESOTA, 


May 12, 1955 


8 The writer avoids the name pitchblende as there is no essential difference between it and 
uraninite. 
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Introduction to Physical Geology. By C. R. Loncwett and R. F. Friint. Pp. 
x, 432; 308 figs.; 12 tables; 2 pls. John Wiley and Sons, New York, 1955. 
Price, $4.95. 


The newest version of the Yale elementary geology textbook features a thor- 
oughly revamped approach to the subject, with emphasis on physical processes, 
concepts of equilibria, inductive approach to field evidence, and the over-all unity 
of geology around the concept of uniformitarianism. Presentation is made in clear, 
non-technical style, supplemented by numerous illustrations. 

To emphasize the new features of this book, one may perhaps best compare it 
with the volume it supplants, Physical Geology, 3rd ed., by Longwell, Knopf, and 
Flint. The total number of pages has been reduced from 602 to 432. A new 
method of figure notation suggests the number of figures has dropped from 365 to 
308, but in reality a net increase has been made and would be evident had the older 
serial numbering system been continued. Two-thirds of the illustrations are new; 
approximately one-half of the rest are also new, but replace similar figures from 
the older book no longer used, and the remaining one-sixth includes figures modi- 
fied, redrawn, or taken unchanged from the previous work. The E. Raisz Middle 
North America and World sketch maps used inside the front and back covers are 
useful and pleasing additions. 

Both books contain 21 chapters, 4 appendices, a thorough index, and certain 
chapter headings that are identical or nearly so; but the similarity goes little fur- 
ther. An extensive new introductory chapter outlines what geology is, its key 
concept of uniformitarianism, and the geologist’s work and tools (though geologic 
maps and mapping appear at the end of Chap. 3). Photomicrographs are used here 
and elsewhere in the book. A general view of the Earth, its crustal materials, and 
geologic time comprise the remainder of the introduction, which omits astro- 
nomical considerations. Igneous Geology (Chap. 5) combines new and reworked 
material which constituted two chapters of the older book, and is moved forward 
of weathering and erosive processes. Soil formation is treated along with weather- 
ing (Chap. 6), but the concept of the geochemical cycle is not introduced here and 
the role of weathering and sedimentary processes in redistributing elements does 
not enter until discussion of mineral concentration (Chap. 21). Chapter 8, Run- 
ning Water, and Chapter 11, Lakes and Basins, incorporate results of recent studies 
of reservoirs and artificial streams and are particularly outstanding. The volumi- 
nous material dealing with the W. M. Davis landform cycles found in the older 
work is reduced to a minimum and emphasis placed instead on the interplay of 
opposing tendencies which conspires toward equilibrium and energy balance rather 
than on long descriptions of landscapes in youth, maturity, and old age. 

Chapter 14, The Sea; Submarine Geology, is new and Chapter 15, Waves, 
Currents, and Coastal Erosion, also emphasizes processes rather than definitions 
and classification of coastlines. No mention is made of guyots, though truncated 
conical mountains are shown in Fig. 144. Coral reefs have been omitted. The 
statement (p. 254) that “the continental shelf is a sort of marine equivalent of a 
peneplane” may not find general approval. 
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The presentation of structural geology and related matters of metamorphism, 
earthquakes, Earth’s interior, orogeny, and isostasy are concisely written and pro- 
fusely illustrated. Chapter 18, Metamorphism, is considerably reduced in size and 
scope from the earlier book, and begins with the changes in coal. The concluding 
chapter, Geology and Industry, stresses the geology of energy and material require- 
ments of modern civilization. The appendices on minerals and maps have been 
considerably expanded. 

A high standard of writing has been attained in this book and only one or two 
errors have eluded the proofreaders. The figures have been carefully chosen and 
are nearly self explanatory, requiring no long accompanying titles or discussion. 
Important ideas and terms are woven into the text so as to emphasize the inter- 
relation of the various phases of physical geology. By this means terms are ex- 
plained without framing formal definitions as such, and little effort is made toward 
preparing artificial classifications. The necessary terms are thereby incorporated 
without beginning a chapter with a definition which must be later changed or 
enlarged as discussion proceeds. 

Teachers and students should welcome this book; professional geologists, as 
well, will find it a very useful general reference. 

Joun E. SANDERS 

YALE UNIVERSITY, 

New Haven, Conn., 
May 1, 1955 


The Lost Villages of England. By Maurice Beresrorp. Pp. 445; figs. 15; pls. 
16; tbls. 18. Philosophical Library, New York, 1954. Price, $12.00. 


This rather intriguing title does not disclose that this interesting book is really 
an important contribution to the economic history and the historical geography 
of many of the pre-history villages of England. In his Part One the author deals 
with the landscape, fabric, and travellers to the lost villages. In Part Two he 
deals with the causes, motives and occasions of the destruction of the villages. 
Part Three is a very personal detail of the materials found in the villages and the 
features that led to their final disappearance. In Part Four he deals with the 
search for lost villages. An appendix gives tables and documentary evidence of 
the villages, and a list of deserted medieval sites at which excavations have taken 
place. 


The Prehistoric Cultures of the Horn of Africa. By J. DesmMonp CLark. 
Pp. 385; figs. 35; pls. 52. Horn of Africa and Distribution map of prehistoric 
sites in the Horn of Africa. University Press, Cambridge, 1954. Price, $18.50. 


The subtitle of this nicely illustrated book states that it is “An analysis of the 
stone age cultural and climatic succession in the Somalilands and the Eastern Parts 
of Abyssinia.” The author is the curator of the Rhodes-Livingston museum of 
Northern Rhodesia, and spent over two years in this country. He is therefore 
well qualified to write of this little known region. 

For those who are uncertain as to the location of the Horn of Africa it is that 
triangular point jutting into the Indian Ocean, south of the Red Sea and Gulf of 
Aden, and includes Ethiopia, and British, French and Italian Somaliland. The 
field work was done between 1941 and 1946, and this volume presents the results 
of that work. 

The general content of the book is as follows: Introduction and geographical 
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setting; previous work; the general geology of special areas and stratigraphy; 
the prehistory of the special areas and the prehistoric art; a tentative correlation 
of the different cultures and climates with other areas of the African continent and 
southern Arabia. The author gives considerable attention to the general geology 
and stratigraphy of the different areas. Also, after dealing with the prehistory of 
special areas he makes tentative correlations of the different cultures and climates. 
The book combines archaeology, geology, and climatology. 

To anyone interested in this little-known area there is much interesting reading 
of scientific information relating to the geology, the stratigraphy, the climate and 
the archaeology. 

The book is beautifully printed and should prove an excellent reference. 


Soil. By G. V. Jacks. Pp. 221; pls. 10; figs. 5. Philosophical Library, New 
York, 1955. Price, $5.00. 


The author’s purpose in this book is to give the student of agriculture and the 
farmer some insight into the newer science of soils. He describes in simple lan- 
guage the basic properties of all soils and how they vary according to the conditions 
under which the soils were formed. Thirteen chapters take up the architecture 
and chemistry of soils, soil water, soil population—fauna and flora, humus, culti- 
vation, plant-made and man-made soils, classification, soil erosion, and the history 
of British soils. The book gives a good picture of what is and what causes soil 
fertility. A couple of pages are devoted to the little known effects of trace ele- 
ments in soils. It is a handy little book, concisely and clearly written, and a good 
reference for those interested in farming. 


Aspects of Deep Sea Biology. By N. B. Marsua tt, illustrated by OLGA Mar- 
SHALL. Pp. 380; illust. Philosophical Library, New York, 1954. Price, 
$10.00. 


This finely printed book with its many beautiful illustrations, five of which are 
colored, is stimulating and informative. The author in 13 chapters leads the reader 
through the history of deep sea biology from the time of the classic voyage of 
H.M.S. Challenger, 82 years ago, up to the present. Chapter by chapter he builds 
up an integrated story of ocean life. He delves into the methods of ocean explora- 
tion, deep sea environment, oceanic plants and animals, sense organs of deep sea 
fishes, their lighting, and life histories, and marine biogeography. Much of the 
author’s original research is presented here for the first time. Data other than the 
author’s are carefully documented. It is readable, likeable, and should be of inter- 
est alike to the scientist and those interested in the sea. 


BOOKS RECEIVED 


FRANK G. LESURE 


U. S. Geological Survey—Washington, D. C., 1955 

Prof. Paper 264-E. Some Cretaceous Echinoids from the Americas. C. 
Wyte Cooxe. Pp. 87-112; pls. 12; figs. 4. Price $1.00. 

Prof. Paper 264-G. A New Species of Merychippus. J. P. Buwavpa and G. E. 
Lewis. Pp. 147-152; figs. 5. Price 15 cts. 
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Prof. Paper 265. Geology of the Quartz Creek Pegmatite District, Gunnison 
County, Colorado. M. H. Sraarz and A. F. Trites. Pp. 111; pls. 8; figs. 36; 
tbls. 20. 

Prof. Paper 267-A. Geology of the Brandywine Area and Origin of the Up- 
land of Southern Maryland. Geology and Soils of the Brandywine Area, 
Maryland. J. T. Hacx. Pp. 41; pls. 2; figs. 34. Price $1.50. Detailed study 
of geologic history and origin of surficial deposits of small area on Coastal Plain. 
Bull. 1010. Geologic Controls of Lead and Zinc Deposits in Goodsprings 
(Yellow Pine) District, Nevada. C. C. Atsritron, Jr., et al. Pp. 111; pls. 30; 
figs. 12. Study of ore deposits and description of mines. 

Bull. 1015-C. Geology of the High Climb Pegmatite, Custer County, South 
Dakota. D. M. SHerman. Pp. 59-98; pl. 1; figs. 4; thls. 6. Price 65 cts. 
Bull. 1015-H. Preliminary Geochemical Studies in the Capitol Reef Area, 
Wayne County, Utah. L. C. Hurr. Pp. 247-256; figs. 3; tbls. 4. Price 15 
cts. Study of bleached zone at base of Chinle formation. 

Bull. 1019-C. Annotated Bibliography and Index Map of Barite Deposits in 
United States. B.G. Dean and D. A. Brogst. Pp. 145-186; pl. 1. Price 45 cts. 
Includes references to September 15, 1954. 

Bull. 1020-A. Geology and Coal Resources of the Cannel City Quadrangle, 
Kentucky. K. J. EncLtunp. Pp. 21; pls. 4; figs. 7; tbls. 2. Price $1.25. 
California Div. of Mines, San Francisco, 1955 


Bull. 169. Clays and Clay Technology. Assembled and edited by J. A. Pask 
and M. D. Turner. Pp. 327; figs. 173; tbls. 58. Price $4.50. Includes 26 papers 
presented at First National Conference on Clays and Clay Technology at Univer- 
sity of California, July, 1952. Papers cover geology and mineralogy of clay, prop- 
erties and methods of identifying clays and interpretation of results, and clay 
technology in soil science and mechanics, ceramics, and petroleum industry. 
Spec. Rept. 42. Geology of Mineral Deposits in the Ubehebe Peak Quad- 
rangle, Inyo County, California. J. F. McAtuister. Pp. 63; pls. 3; figs. 26. 
Price $2.00. 

Nonmarine Lower Pliocene Sediments in California—A Geochronologic- 
Stratigraphic Classification. D. E. Savacr. Pp. 26; figs. 13. Univ. of Calif. 
Press, Berkeley, 1955. Price 35 cts. 

Kansas Geological Survey, Univ. of Kansas, Lawrence, 1955 

Bull. 114, Part 1. Evaluation of Acid Etching of Limestone. Wu LIA Ives, 
Jr. Pp. 48; pls. 5; fig. 1; tbls. 10. 

Bull. 114, Part 2. Coal Resources of the Marmaton Group in Eastern Kansas. 
WALTER H. Scuoewe. Pp. 49-112; pls. 4; fig. 1; tbls. 34. 

A Comparative Analysis of Curricula and Techniques Used in the Training 
of Photographic Interpreters. S. A. Custer and S. R. Mayer. Pp. 115; figs. 
2; tbls. 31. Boston University Optical Research Laboratory Technical Note 119, 
1955. 

Down to Earth, a Practical Guide to Archaeology. Rosin Prace. Pp. 173; 
figs. 90. Philosophical Library, New York, 1955. Price $7.50. A lucid descrip- 
tion of fundamentals of dating, recording, interpreting, and of discoveries and ob- 
jects recovered, mostly in Britain. 

Operating Manual for Microseismic Research. Marion H. Gitmore. Pp. 41; 
figs. 29. W. F. Sprenghether Instrument Co., Inc., St. Louis. 
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Titanium in Industry, Technology of Structural Titanium. StTanitey AsBxo- 
WITZ, JoHN J. Burke, and Ratpu H. Hitz, Jr. Pp. 224; figs. 101. D. Van 
Nostrand Co., New York, 1955. Price $5.00. A useful book covering produc- 
tion, properties, processing, treatment, machining, and analytical and metallographic 
techniques of titanium and its alloys. 

Zinc and Lead Deposits in Lemieux Township, Gaspé-North County. P.-E. 
AuceEr. Pp. 59; pl. 1; figs. 5. Geol. Rept. 63. Quebec Dept. of Mines, 1954. 
Bauxite in Australia. H.B. Owen. Pp. 234; pls. 27; figs. 21. Bull. 24, Bureau 
of Mineral Resources, Geology and Geophysics, Govt. Printing Office, Canberra, 
Australia. Includes reserves, description of individual deposits, geology of oc- 
currences, origin, age and constitution of bauxite in Australia and Tasmania. 

7th Ann. Rept. of the Joint Coal Board of Australia for the Financial Year 
1953-54. Pp. 93. Joint Coal Board, Sydney, 1954. 

A Guide to the Known Minerals of Turkey. C. W. Ryan. Pp. 74; figs. 4. 
Guzelis Matbaasi, Ankara, Turkey, 1954. Occurrence of minerals given under 
four headings: 1. precious, non-ferrous and minor metals ; 2. iron, ferro-alloy metals, 
metallurgical and refractory material, and mineral fuels; 3. ceramic, industrial and 
manufacturing material; and 4. chemical, fertilizer, abrasive and miscellaneous 
material, 


Records of the Geological Survey of Uganda, 1953. Pp. 79; figs. 7. Govt. 
Printer, Entebbe, Uganda, 1955. Price Shs. 7/50. Includes 11 short papers of 
general interest. 








SOCIETY OF ECONOMIC GEOLOGISTS 


REPORT OF THE COMMITTEE ON ETHICS AND CONDUCT 


To the President and Members of the Council of the Society of Economic 
Geologists : 

Early in 1954, Donald M. Davidson, then President of the Society, appointed, 
with the approval of the Council, a committee to study the problem of professional 
ethics with a view toward preparing a code to serve as a guide to the membership 
in matters of this kind. Since their appointment, the members of the Committee, 
through extensive correspondence, have studied the nature and content of profes- 
sional ethics, and examined the means by which other technical and scientific socie- 
ties have attempted to deal with problems in this field. Despite a rather wide range 
of opinion on details concerning some of the many complex questions encountered 
in the study, the Committee has reached a consensus on the more fundamental as- 
pects of the task assigned to it. 

In brief, the Committee agrees: 


(1) That because of the nature and complexity of professional ethics the pro- 
mulgation of a written code of ethics would not be an effective means of 
maintaining high standards; 

That Article 2, Section 4 of the present By-Laws of the Society makes 

ample provision for dealing with breaches in ethical conduct on the part 

of members ; 

(3) That inasmuch as the Council already has the power to deal with mis- 
conduct, either by direct action or with the aid of special committees, a 
standing committee on ethics and conduct is not necessary. In this respect 
the Committee believes that, other things being equal, the number of cases 
requiring investigation will continue to be few and far between, and that, 
inasmuch as acceptable standards of conduct vary to some degree with the 
time and local conditions, specially selected ad hoc committees would be 
better suited to the investigation of alleged misconduct than a standing 
committee whose membership might have no initial appreciation of the 
local circumstances. 


bo 


In addition, a majority of the members of the Committee is of the opinion that 
Article 2, Section 4, of the present By-Laws of the Society not only makes clear 
that the Society expects its members “to conform with established standards of 
professional ethics,” but that because of the very nature of ethics the admittedly 
vague but all-inclusive phrase “established standards of professional ethics” is ade- 
quate to serve its purpose. 

One member is doubtful, however, that this phrase is sufficiently explicit, and 
very pertinently asks, “. . . What are these principles that apply to the Society of 
Economic Geologists?” And to “give some general guide for the conduct of .. . 
members in their dealings with industry as well as for the protection of laymen,” 
this member suggests that it might be desirable to expand the above-quoted article 
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of the constitution by “referring to the code of ethics of the AAPG or some other 
professional society as an example of what the SEG had in mind.” 


RECOMMENDATIONS 


The Committee recommends: 


(1) That no attempt be made at this time to draw up a written code of ethics; 

(2) That any case of alleged misconduct or malpractice, now pending, and any 
such case as may arise in the future, should be reported to the President 
and, at his discretion, be referred for investigation to a specially selected 
ad hoc committee, thence dealt with by the Council in accordance with the 
provisions of Article 2, Section 4 of the By-Laws; 

(3) That the present Committee on Ethics and Conduct be discharged. 


In making these recommendations the Committee is very cognizant of the fact 
that one of the functions of the Society of Economic Geologists is: “to effect and 
maintain high professional and ethical standards in the profession of geology” 
(Article 3 of the Constitution). The Committee believes, however, that good vs. 
bad ethics are relative matters that are influenced by many and varying factors, 
including the custom of one’s fellows, custom within the particular country and 
the segment of society of which one forms a part, the particular regulations that 
govern one’s relationships to associates, the purpose and rules governing one’s em- 
ployment, etc., etc. Moreover, beyond a few rather vaguely defined concepts such 
as the well recognized need for personal integrity, common decency and fair play 
in dealing with others, ethics is neither static nor bound by definite rules except 
within a certain time, place, and circumstance. The details of good ethics cannot 
be defined, therefore, other than within the framework of particular or known cir- 
cumstances. Thus the Committee feels that to attempt to write a code of ethics 
that would be applicable to the multitude of complex circumstances under which the 
profession of economic geology must operate, and more especially to prepare a code 
that would effectively serve a Society that is international in scope, would be an 
almost hopeless task ; for, the result very likely would be either a document couched 
in such vague language as to be almost wholly inapplicable to specific cases, or a 
long and detailed body of rules designed to legislate against all contingencies, hence 
fraught with so many restrictions and seeming contradictions as to defy interpre- 
tation and reasonable means of enforcement. 

The Committee recognizes nevertheless that good ethics is definitely an ac- 
quired characteristic. The Committee is also impressed that the standards of the 
Society of Economic Geologists have always been of such high caliber that the 
mere fact of membership carries with it an aura of respectability, which in turn 
bears a responsibility for maintaining these standards. The Committee would point 
out, however, that past and present standards were not established by imposing 
written rules of conduct in the form of codes. Rather they are attributable in very 
large measure to the fact that the leaders of the Society have been men who happily 
combine high personal integrity and professional stature—men’' who by their teach- 
ing, personal example, courage and forthright vigilance not only succeeded in estab- 
lishing high standards of professional ethics as a hallmark of the Society, but who 
marshalled professional opinion to the zealous support of these standards. Under 
this kind of leadership, neophytes in the science consciously or unconsciously have 
been indoctrinated in the classroom, in the office, the field, or where you will, with 
the credo that the primary attribute of a scientist is individual integrity ; that above 
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all scientific and technologic work calls for honest reporting; that success in the 
eyes of one’s peers in the scientific and engineering worlds is based on honesty 
and the performance of creditable work; and that those who would make dishonest 
use of their technical knowledge to achieve personal gain are unworthy of the call- 
ing. Conditioning in these principles and awareness of the fact that they are 
backed by the force of professional opinion perhaps more than anything else have 
served to sustain high ethical standards among scientists and engineers, and to 
restrain those who, otherwise, might be tempted to indulge in double dealing. 

Responsibility for maintaining ethical standards devolves, therefore, upon 
every member of the Society but, as in the past, the patterns set and the standards 
maintained will depend in very large measure upon the quality and resolution of 
its leadership. 

One means by which the Society has given effective support to the principle 
of high ethical standards has been by carefully scrutinizing the records of those 
proposed as candidates for admission. It has always been a matter of pride on 
the part of the Admissions Committee and of the Council that only men of integ- 
rity and proven capacity should be admitted. As the Society increases in size, 
however, the problem of eliminating applicants who do not measure up to these 
standards becomes more difficult. In fact, the professional group is growing so 
fast that the Admissions Committee and the Council even now are severely handi- 
capped except as members who sponsor candidates for election are both conscious 
of the need for and willing to assume their share of the responsibility of main- 
taining the integrity of the organization; and except as individual members are 
conscientious and frank in advising the Secretary of the Society in the event they 
doubt the fitness of a given candidate or candidates. 

The importance of the work of the Admissions Committee as a factor in the 
problem of maintaining the ethical standards and reputation of the Society is 
probably not well recognized by the members at large. Moreover, it is likely 
that many of the members give little thought to the significance of professional 
ethics in relation to the destiny of the Society and the welfare of the science as 
a whole. Indeed, it is highly probable that there are men in the profession and 
perchance in the Society who are quite unware of the subtle nuances of right and 
wrong behavior from the standpoint of “accepted professional ethics” as under- 
stood by the leaders of the Society. 

There probably is need, therefore, to bring these matters to the attention of 
the membership. To this end, the Committee suggests that the Council consider 
asking a number of its more influential members, particularly past officers, to 
prepare, for publication in the Journal, articles dealing with the ideals of the 
Society and with matters of professional policy. The Committee would further 
suggest that the editorial column of the Journal might be used, on occasion, as 
a medium for extending these discussions and focusing attention on specific facets 
of the problem. 

In summary, this Committee believes that by and large the Society of Eco- 
nomic Geologists is composed of men who hold assiduously to high ethical stand- 
ards; that the chief problem facing the Society in respect to ethics is a certain 
amount of indifference and lack of appreciation on the part of the members of 
the way in which. malpractice by the few may adversely affect the fraternity as 
a whole and of the need for constant vigiiance to see that the mores of established 
professional conduct are understood and that high ethical standards are main- 
tained. The Committee believes, therefore, that an educational campaign along 
the lines suggested above would focus attention on, and contribute toward a 
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better understanding of the problem of professional ethics as it affects the Society, 
and that it would elicit the interest and support of the members at large. We 
also feel that cultivated public opinion coupled with continued insistence upon 
personal integrity and good judgment as a cardinal requirement to election to mem- 
bership are still the most effective means by which to maintain the ethical stand- 
ards of the Society. 

Respectfully submitted, 


R. N. Hunt Hucu E. McKinstry 
W. F. JAMEs OxaF N. Rove 
IRA B. JORALEMON H. M. BANNERMAN, Chairman 


Committee on Ethics and Conduct 





SCIENTIFIC NOTES AND NEWS 


Trp Becker has joined Loma Uranium Corp., Denver, Colorado, as geologist 
and mining engineer. He has resigned as chief mining engineer, American Zinc, 
Lead and Smelting Co., Grandview Mine, Metaline Falls, Washington. 

Joun W. SvANHOLM has become associated with the Mineral Resources De- 
velopment Corporation as consulting economic geologist for the Burmese Govern- 
ment in Rangoon, Burma. 

M. E. Vottin, chief of the north central region, U. S. Bureau of Mines, Min- 
neapolis, Minn., has been transferred to Washington, D. C., as chief of the Base 
Metal Branch. 

RicHarp J. Smit has left New Jersey Zinc Co. to join the exploration staff 
of American Smelting and Refining Co. in Knoxville, Tenn. 

Bruce C. MacDona tp, chief geologist, Eldorado Mining and Refining, Ltd., 
Beaverlodge operation, has set up in private practice in Edmonton, and Uranium 
City, Sask. 

James J. Purpie, Jr., has been transferred from the American Metal Co. 
geology and exploration department to geological staff of Heath Steele Mines, 
Ltd., Newcastle, N. B., a subsidiary. 

J. M. Extras is now exploration geologist in Grants, N. M., for Anaconda Copper 
Mining Co. 

FrANK R. Hunter has recently become the geologist of the Industrial Minerals 
division, International Minerals and Chemical Corp., Chicago. 

CHARLES R. Hupsarp has resigned as mining engineer, U. S. Bureau of Mines, 
Region VI, Rolla, Mo., to become mining engineer, Idaho Bureau of Mines and 
Geology, University of Idaho, Moscow, Idaho. 

ArTHUR Linz, vice president, Climax Molybdenum Co. since 1942, has resigned 
to open offices as technical consultant in New York. 

Donato H. McLAuGHLin, president of the Homestake Mining Company in 
San Francisco, California, gave the commencement address at the 81st annual 
graduation exercise at the Colorado School of Mines, May 27, on the “Education 
of a Professional.” 

Hetci Jounson, Director of the Bureau of Mineral Research and Chairman of 
the Department of Geology at Rutgers University, has been named Executive 
Director of the Yellowstone-Bighorn Research Association at Red Lodge, Montana. 
He assumed his duties in this position on June 1. 

Tue AMERICAN Museum oF NAtTuRAL History has announced the establish- 
ment of The Southwestern Research Station, located on the eastern slope of the 
Chiricahua Mountains, near Portal, Cochise County, in southeastern Arizona. 
The property is within the limits of the Coronado National Forest at an elevation 
of 5,400 feet. The station was established for the purpose of making available 
research facilities for scientists and students in all branches of science, who have 
problems that can be investigated through the utilization of the faunal, floral and 
geological features of the area. It will be open during the entire year. It is 
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operated by the American Museum of Natural History, under the direction of Dr. 
Mont A. Cazier, Chairman and Curator of the Department of Insects and Spiders, 
to whom all inquiries should be addressed. 

BENO GUTENBERG, professor of geophysics and director of the Seismological 
Laboratory of the California Institute of Technology, was granted the degree of 
Doctor of Philosophy, honoris causa, by Uppsala University, Sweden, in May. 

LecceTtE & BrASHEARS announce the admission to partnership of Jack B. 
GRAHAM, and a change in name to Leccetrr, BRASHEARS & GRAHAM, Consulting 
Ground-Water Geologists, 551 Fifth Avenue, New York. 

Haroip W. Farrparrn of Watertown has been appointed full professor in the 
Department of Geology, Mass. Inst. of Technology. 


RicHArD M. Foose, Chairman of the Department of Geology at Franklin and 
Marshall College, has been awarded a Faculty Fellowship by the Fund for Ad- 
vancement of Education of the Ford Foundation for the academic year 1955-56. 
Dr. Foose plans to study the evolution and development of thought in the fields 
of structural and economic geology beginning with the 18th century. He plans 
to reside at Stanford, California, and to use the library facilities of the several 
universities in that state. 

BERNHARD HaAvurwitTz, chairman of the Department of Meteorology and 
Oceanography at the New York University College of Engineering, has been 
named to serve as chairman of the technical panel on meteorology of the U. S. 
National Committee for the International Geophysical Year, 1957-58. 





